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ABSTRACT
Osteoarthritis (OA) is the most prevalent joint disease in the world, with nearly 9 millionpeople estimated to be affected in the UK. During OA, articular cartilage at the joints isdegraded to expose the underlying bone causing joint remodelling, pain and loss of joint
function. OA is a multifactorial disease with genetics identified as a major risk factor. Previous
work has estimated that up to 65% of all OA cases have a genetic contribution, with some of the
most severe and premature forms of OA seen in humans with mutations in the collagen genes.
An example of this is seen in Stickler syndrome, a hereditary group of conditions characterised by
severe vitreal and musculoskeletal defects. In Type III Stickler syndrome, caused by mutations in
the COL11A2 gene which encodes Type XI collagen, 75% of patients exhibit severe OA by the age
of thirty; nearly 20 years earlier than OA becomes detectable amongst the general population.
Previously, loss of Type XI collagen in mice and zebrafish has been shown to affect extracellular
(ECM) composition, increase cartilage degradation and promote OA onset. However, the effect of
Type XI collagen loss on the musculoskeletal system through development and into adulthood is
yet to be understood.
In this thesis, I provide the first characterisation of the col11a2sa18324 zebrafish line to
show significant changes to craniofacial cartilage morphology and ECM composition in larval
stages, leading to a Stickler syndrome-like phenotype in adulthood. I show that col11a2sa18324
zebrafish experience altered strain distribution across the lower jaw cartilages, and that in wild
type fish exposed to comparable strain abnormalities subtle changes to ECM composition and
structure are seen. Finally, I demonstrate that major changes to the musculoskeletal pheno-
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Collagen molecules are the most abundant protein in the extracellular matrix (ECM) (Frantz
et al., 2010), accounting for around 30% of the dry weight of humans (Deshmukh et al., 2016). It
plays a key role in the structural stability of important connective tissues and organ, such as skin
and bone, as well as regulating the microenvironment surrounding individual cells. Mutations in
collagen genes are responsible for a host of diseases including chondrodysplasias, osteogenesis
imperfecta (Type I collagen defects) (Willing et al., 1996; Cole and Dalgleish, 1995), Ehler’s Danlos
syndrome (Type I, III and V collagen defects) (Nuytinck et al., 2000; H et al., 1997; Andrikopoulos
et al., 1995; Nicholls et al., 1996; Wenstrup et al., 1996; De Paepe et al., 1997; Burrows et al.,
1998; Michalickova et al., 1998; Richards et al., 1998), epidermolysis bullosa (Type XVII collagen
defects) (Gatalica et al., 1997; Pasmooij et al., 2004). Disruption to collagen maintenance and
metabolism has also been associated with osteoarthritis (Type II collagen degradation in articular
cartilage) (Nelson et al., 1998; Hollander et al., 1995; Poole et al., 2002) and osteoporosis (collagen
fibre alignment in bone disrupted) (Ozasa et al., 2019) onset, highlighting the importance of
collagen homeostasis in normal human physiology.
1.1.1 Collagen Structure
Collagens can be grouped into 8 main families: fibril-forming, multiplexins, transmembrane,
anchoring fibrils, basement membrane, microfibrillar, hexagonal network-forming and Fibril-
Associated Collagens with Interrupted Triple-helices (FACIT) (Van Der Rest and Garrone, 1991;
Ricard-Blum and Ruggiero, 2005). Of these families, the most abundant is the fibril-forming
family which accounts for approximately 90% of total collagen in humans (Gelse et al., 2003) and
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are responsible for providing tissues with tensile strength and mechanical robustness (Fratzl,
2008; Ricard-Blum, 2011). Collagens from this family closely associate with those from the FACIT
family, which aid with fibre spacing and regulation of fibril diameter (Van Der Rest and Garrone,
1991).
Regardless of which group a collagen belongs to, every collagen contains at least one right-
handed triple helix consisting of three proline-rich tripeptides (α-chains) (Piez, 1984). These
a-chains are uniformly left-handed helices (Figure 1.1.1) coiled with 18 amino acids each turn
(Hofmann et al., 1978) and a repeated amino acid sequence of a glycine residue after every two
amino acids (Gly-X-Y-Gly)n. Including a small glycine residue at regular intervals results in the
triple helical domain of each collagen molecule being tightly packed, as the glycine residues are
positioned to face the centre of the helix whilst larger residues (commonly hydroxyproline and
proline) face out (Gelse et al., 2003).
N-propeptide * *Triple helix C-propeptide






Left-handed helix of α chain
Right-handed triple helix made up of 3 α chains
Figure 1.1: Structure of collagen molecules.
Schematic representation of the domains of a fibrillar collagen molecule including the N and
C propeptides, telopeptides and triple helical domain. Inset shows the association of three
left-handed α-helices to form the right-handed triple helix.
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One of the ways in which diversity is achieved amongst the collagens is the triple helix which
can be homotrimeric, i.e. made up of three identical a-chains, or heterotrimeric, i.e. made up of at
least two different a-chains (Gelse et al., 2003; Ricard-Blum, 2011). Post-translational
modification of the helix also provides diversity, with different collagen types having different
patterns of proline and lysine hydroxylation and glycosylation. These post-translational
modifications impact on the formation of hydrogen bonds in the triple helical domain and thus its
stability.
As well as the presence of a triple helical domain, non-collagenous domains (including those
at the N and C-terminus of the molecule) are crucial structural elements in all collagen molecules
(Figure 1.1.1). The N-terminal propeptide is thought to be key in regulating fibril diameters and
the C-terminal propeptide is predicted to assist initiation of triple helix formation (Bateman
et al., 1996). Before fibrillogenesis can occur, the C-terminal propeptide is cleaved by the BMP-
1/tolloid-like family of metalloproteinases (Kessler et al., 1996) to instigate self -assembly into
fibrils (Hulmes et al., 1989; Kadler et al., 1987, 1990; Miyahara et al., 1982, 1984) and the
N-terminal is cleaved by ADAMTS-2, -3, and -14 (Stevenson et al., 2020; Bekhouche and Colige,
2015; Colige et al., 1997, 2002). Following the cleavage of these terminal regions non-helical
telopeptides are exposed which facilitate cross-linking of separate collagen fibres and association
of the fibre with other ECM molecules (Rossert and de Crombrugghe, 2002). In addition to
terminal non-collagenous domains, the FACIT family of collagens have several of these domains
which interrupt the triple helical domain, facilitating greater flexibility within the molecule
(Shaw and Olsen, 1991).
The structure of the three collagen types most relevant to this thesis (Type II, Type XI and
Type IX) are discussed in more detail below. These collagens form the focus of this thesis as
mutations in the genes encoding them are associated with Stickler syndrome; a collagenopathy
which causes severe visual, auditory and musculoskeletal abnormalities in humans.
1.1.1.1 Type II collagen
Type II collagen belongs to the fibril-forming family of collagens and is the major component
of hyaline cartilage, including the articular cartilage found in many joints. It accounts for
approximately 90% of the collagen content in cartilage (Eyre et al., 2006; Fox et al., 2009) but is
also present in the vitreous and cornea of the eye, and intervertebral discs (Eyre and Muir, 1976;
Kelly et al., 2007). The triple helical domain of Type II collagen is homotrimeric, with 3 identical
α1 (II) chains (Bruckner and van der Rest, 1994) associating to form the right-handed helix. To
facilitate its function in cartilage, Type II collagen undergoes post-translational modification to
introduce a relatively high number of hydroxylysines along with other residues such as galactosyl
to promote interaction with proteoglycans and other matrix components (Mayne, 1989).
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1.1.1.2 Type IX collagen
Type IX collagen is in the FACIT family of collagens; thus, it has a triple helical domain which
is ‘interrupted’ at intervals by short regions which are non-helical. The core triple helix of Type
IX collagen is heterotrimeric, consisting of three different α-chains (α1(IX), α2(IX) and α3(IX))
interrupted by four globular domains (van der Rest et al., 1985) which introduces flexibility to the
molecule (Mayne, 1989). This collagen type covalently bonds to other Type IX collagen molecules
and can crosslink to Type II collagen molecules. Type IX molecules have been shown to associate
with the surface of Type II collagen fibrils through covalent crosslinks to the Type II collagen
N-telopeptide (Eyre et al., 2004). This causes the Type IX molecules to occur at regularly spaced
intervals in an antiparallel orientation (Wu et al., 1992; Wu and Eyre, 1995) and the surface
location enables the molecules to interact with other ECM components (van der Rest and Mayne,
1988).
1.1.1.3 Type XI collagen
Figure 1.2: Association of Type XI collagen with
Type II collagen.
Type XI collagen is another fibril-forming
collagen but unlike Type II collagen it contains
a heterotrimeric triple helical domain, made
up of three different α-chains (α1(XI), α2(XI),
α3(XI)). As with Type II collagen, post-
translational modification is key for specifying
this collagen, particularly as the α3-chain
of Type XI collagen is encoded by the same
gene that encodes the α1-chain of Type II
collagen, with the level of glycosylation and
hydroxylation being the only difference between the two chain forms (Von Der Mark, 2006).
Type XI collagen is also found in cartilage, contributing to approximately 3% of the collagen
in adult cartilage (Eyre et al., 2006). As well as cross-linking with other Type XI molecules, this
collagen associates with Type II collagen molecules to regulate the spacing and nucleation of
collagen fibrils (Gregory et al., 2000; Fessler et al., 1985; Luo and Karsdal, 2016) (Figure 1.2).
Regulation of fibril diameter is thought to be achieved by partial extracellular processing of the
N-terminal of Type XI collagen, leaving the large domain intact and causing a physical ‘spacer’ in




1.1.2 Synthesis of collagen
1.1.2.1 Transcription and translation
During the formation of collagen (summarised for fibrillar collagens in Figure 1.3), relevant
COL genes are switched on to transcribe mRNA, which is then translated at ribosomes on the
endoplasmic reticulum (ER) surface to synthesise polypeptide chains which are fed into the ER
lumen (Step 1 Figure 1.3). Along with a signal peptide sequence which directs these polypeptide
pro-alpha chains to the ER, they also have additional amino acids at their N (H2N) and C
(COOH) termini. The transcription step in collagen synthesis provides the first opportunity for
the heterogeneity seen amongst collagen molecules, with alternative splicing found in many
collagen types including Type II and XI collagen (Ryan and Sandell, 1990; Moradi-Améli et al.,
1998).
1.1.2.2 Posttranslational modification
Following signal sequence degradation, selected lysine and proline residues are hydroxylated and
later the hydroxylysine residues can be glycosylated (Alberts, 1989) (Steps 2 and 3 Figure 1.3).
Modification of these residues enables the formation of hydrogen bonds within the triple helical
domain to promote molecule stability (Gelse et al., 2003). These modifications are also key later
on in collagen synthesis when cross-linking of separate collagen molecules is necessary for the
formation of fibrils. Following these modifications, three pro-alpha chains self-assemble to form a
procollagen triple helix (Steps 4 and 5 Figure 1.3) which is trafficked to the Golgi. At the Golgi,
oligosaccharides are added to the procollagen and it is secreted from the cell (Step 6 Figure 1.3).
In the presence of sequence changes in the alpha helical domain of the mRNA, such as those
seen in patients with Stickler syndrome (Section 1.2.3.1), the polypeptide cannot be translated
and modified correctly. As the majority of mutations linked to Stickler syndrome introduce a
premature stop codon, the c-terminal domain of the polypeptide is not translated, and the alpha
helices cannot associate correctly to form procollagen. This defective procollagen molecule cannot
be processed downstream to form collagen fibrils and fibres (Kuivaniemi et al., 1991).
1.1.2.3 Secretion and extracellular processing
Following the assembly of three α-chains into a procollagen molecule in the ER/Golgi, the
molecules are released from the cell by secretory vesicles. Once outside the cell, the ends of the
procollagen molecule are trimmed by peptidases to give a collagen molecule (Step 7 Figure 1.3).
These molecules covalently assemble to form collagen fibrils between 10 and 300nm in diameter
(Step 8 Figure 1.3)after the addition of aldehyde groups to lysine and hydroxylysine residues.
Finally, these fibrils aggregate to form collagen fibres (Step 9 Figure 1.3) which range from 0.5 –













































1. Pro-α chain synthesis
3. Selected hydroxylysines
are glycosylated
2. Selected lysines and prolines
are hydroxylated
4. Three pro-α chains 
self-assemble







9. Fibrils aggregate 
to form fibre
Figure 1.3: Overview of collagen synthesis
Schematic representation of collagen synthesis and secretion. Green hexagons = glycosylated





The major role of collagens in the body is to provide tissues with mechanical strength and
integrity. This is particularly important in connective tissues such as in bone, cartilage, skin,
ligaments and tendons where the mechanical resistance provided by collagens is essential for
their function. The organisation of collagen fibrils has an important role in facilitating collagen
function in specific tissues.
In tendons, highly organised collagen fibrils are aligned in an almost parallel orientation
along the long axis of the tendon (Ottani et al., 2001), with fibrils of different diameters present
in each collagen fibre. This variety of fibril diameters is thought to contribute to the ability of
tendons to withstand large mechanical loads with the smaller fibres providing elasticity and
larger fibres providing strength through their greater crosslinking capacity (Ottani et al., 2001;
Parry et al., 1978). Along with the presence of ‘collagen-crimping patterns’ (Kastelic et al., 1980;
Niven et al., 1982; Rowe, 1985; Jozsa et al., 1991) which are lost upon tendon stretching (Viidik
and Ekholm, 1968; Hansen et al., 2002; Hurschler et al., 2003; Franchi et al., 2007), this variety
in fibril diameter enables the fibrils to convey and disperse force effectively through the tendon,
ultimately preventing mechanical failure.
In articular cartilage the organisation of collagen fibrils varies depending on their location
within the cartilage, but in general they form a more random arrangement than in other
connective tissues, with no clear banding pattern able to be visualised by light microscopy
(Mathews, 1965; Myers et al., 1969). This organisation of collagen in the cartilage allows the
fibrils to interact with proteoglycans and other ECM components to ensure the cartilage can
resist compressive loads in the joint (Sokoloff, 1969). As well as the association with
proteoglycans, the triple helical structure of collagen has also been shown to provide matrix
stability, and resistance to sheer stresses and tensional strains in articular cartilage (Maroudas
and Freeman, 1979).
In bone, Type I collagen makes up approximately 80% of total proteins (Niyibizi and Eyre,
1994) with both collagen alignment and interaction with other matrix molecules key to bone
integrity. The collagen fibres in bone assemble in concentric waves (Viguet-Carrin et al., 2006) to
absorb and resist mechanical forces, thus protecting from fractures. In different areas of bone,
the orientation of these arrays has been seen to vary depending on the forces experienced in that
region, for example longitudinal arrays are seen in areas of tensile loading whereas transverse
arrays are seen in areas with compressive loading forces (Martin and Boardman, 1993; Martin
et al., 1998). This fibrillar arrangement is reinforced by the incorporation of mineral crystals,
such as hydroxyapatite, which grow in parallel to the collagen fibres (Ottani et al., 2001) and act
to increase the tensile strength of the bone (Viguet-Carrin et al., 2006).
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1.1.3.2 Delivery and regulation of growth factors
As well as their role in the structural integrity and mechanical resistance of tissues, collagens
have been implicated in delivering and storing growth factors and cytokines to areas of need. This
regulation of growth factors can be indirect, i.e. through binding to other molecules which are
able to recruit or inhibit growth factors (Yamaguchi et al., 1990), or direct i.e. through binding to
growth factors themselves as is the case in bone where insulin-like growth factor (IGF) molecules
bind to the collagen matrix (Bautista et al., 1990) from which their release can be controlled to
enable bone remodelling. It has also been shown that Type II collagen can bind to transforming
growth factor beta (TGFβ) and bone morphogenetic proteins (BMPs) (Zhu et al., 1999), providing
a potential reservoir of growth factors which can be released in response to specific stresses in
cartilage containing Type II collagen.
1.1.3.3 Angiogenesis and tumorigenesis regulation
As well as providing tissues with mechanical resilience and supplying them with growth factors,
collagen has been shown to have a role in the formation of new blood vessels. This is one of
the key events in organ development and in wound healing, but once dysregulated can lead to
tumour metastasis and tissue degeneration. The processes which allow for vascularization of
tissues, namely matrix degradation by MMPs, have similarities with those which occur during
cartilage degeneration in OA (Nyberg et al., 2005; MacDonald et al., 2018). In addition to matrix
degradation in the cartilage, angiogenesis in the synovium of OA patients enables inflammatory
cell invasion. The resulting chronic inflammation leads to significant pain in the sufferer and
facilitates further structural changes at the joint (MacDonald et al., 2018). Upon collagen cleavage,
bioactive fragments known as matricryptins (Davis et al., 2000) are released which are able to
regulate these pathological and physiological processes. Matricryptins mostly originate from
collagens in the basement membrane family and act to further increase the diverse functions of
collagen with a single collagen molecule able to produce several matricryptins. For example, Type
IV collagen can give rise to the matricryptins arresten (derived from the α1 chain non-collagenous
domain), canstatin (derived from the α2 chain(Kamphaus et al., 2000)), and tumstatin (derived
from the α3 chain non-collagenous domain), along with tetra-, penta- and hexastatin derived
from the α 4, 5 and 6 chains respectively (Mundel and Kalluri, 2007; Okada and Yamawaki,
2019). Under normal physiological conditions, these matricryptins have all been shown to be
anti-angiogenic and some have been shown to have anti-tumorigenic capabilities (Monboisse
et al., 2014).
1.2 Cartilage
Given that collagen accounts for around two thirds of the dry weight of cartilage, changes to
this protein can have major impacts on the mechanical performance and integrity of this tissue.
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Computational modelling has been used to show that collagen fibre spacing and interconnectivity
has a significant effect on the mechanical performance of cartilage (Chen et al., 2017), and
alterations to this performance have been described in detail during development (Radlanski and
Renz, 2006), ageing and disease (Alexopoulos et al., 2003). Mutations in collagen genes have also
been associated with a range of cartilage-associated diseases including osteoarthritis (Kannu
et al., 2010; Li et al., 2007), Stickler syndrome (Bonafe et al., 2015) and achondrogenesis Type II
(Spranger et al., 1994). As this thesis examines how mutations to collagen affect cartilage in the
context of osteoarthritis onset, the next section introduces this tissue and how it is degraded in
disease.
1.2.1 Important roles of cartilage
1.2.1.1 Synovial joints
Synovial joints are the most common form of joint in the body, and unlike fibrous joints (e.g.
skull sutures) or cartilaginous joints (e.g. between vertebrae or where the first rib meets the
sternum), they are characterised by a fluid filled joint cavity which prevents the ends of the long
bones from coming into contact, allowing a greater range of movement. There are 6 different
types of synovial joint: pivot (e.g. between the C1 and C2 vertebrae in the neck), hinge (e.g. knee),
ball-and-socket (e.g. hip), plane (e.g. between tarsals in the foot), condyloid (e.g. wrist), and saddle
(e.g. between carpals and metacarpals in the hand). In synovial joints, the fibrous connective
tissue of the articular capsule which connects two bones is lined with a synovial membrane
(Figure 1.4 A) which produces a thick synovial fluid (OpenStax, 2013). The ends of the bones
are capped with articular cartilage (Figure 1.4 A) a highly specialised connective tissue which
provides a smooth, lubricated surface for movement and transmission of load with low joint
friction. The main components of synovial joints are explored in more detail below.
Over recent years, zebrafish have been established as a model for human musculoskeletal
disorders, with one of the main advantages of this model being the presence of a synovial jaw
joint. Micro CT (uCT) scans and histological staining of adult zebrafish show that the jaw joint,
located between the anguloarticular and quadrate bones, is characteristic of human hinge joints
(Figure 1.4 A, B). This joint moves in a single plane and has many features of human hinge joints
including: a fluid filled joint cavity; synovial membrane; and articular cartilage (Askary et al.,
2016) (Figure 1.4 B). In 1-year old zebrafish distinct populations of chondrocytes were observed
at the jaw joint, with articular chondrocytes at the joint surface (dark blue region in Figure 1.4 B)
and a layer of hypertrophic chondrocytes (purple region in Figure 1.4 B) beneath this, adjacent to




As well as having comparable joint architecture to humans in adult stages, zebrafish joints
undergo similar processes during joint development to give rise to the final structure. In both
humans and zebrafish, the key stages of joint formation include: joint site determination,
interzone formation, joint morphogenesis and cavitation, and joint maturation (Pacifici et al.,
2005). During the initial stages of joint development in humans, the continuous mesenchymal
condensations associated with limb skeletogenesis must be interrupted at a specified site to form
a morphologically distinct region known as the interzone (Pacifici et al., 2005). Three layers
make up the joint interzone at this stage, with two chondrogenous layers flanking a central
intermediate zone (Kavanagh et al., 2002). The cells which form the interzone are thought to be
predetermined (Holder, 1977) and can be seen as an elongated and densely packed region of
mesenchymal-looking cells (Holder, 1977; Mitrovic, 1978; Pacifici et al., 2005). Prior to 3 dpf in
zebrafish, the main craniofacial elements can be seen (Meckel’s cartilage, palatoquadrate and
ceratohyal) however, the major morphological changes are not seen until muscle movement
commences at 3-5 dpf (Brunt et al., 2015). During this period, groups of rounded chondrocytes at
the centre of the craniofacial cartilage elements were seen to elongate and intercalate, going
from an orientation which included many cells spanning the width of the element, to a stack only
one cell wide (Shwartz et al., 2012; Brunt, 2015). This change in cell orientation and morphology
coincides with the joint interzone becoming symmetrical in the mediolateral plane and the
formation of an interlocking joint between the Meckel’s cartilage and palatoquadrate by 5 dpf
(Brunt et al., 2015).
Following specification of the joint site and cell morphogenesis, cavitation at the interzone
occurs in which cells of the intermediate layer proliferate (Roddy et al., 2011), differentiate
(Pacifici et al., 2005) and migrate (Pacifici et al., 2006). This results in the separation of the
intermediate layer cells to give the surface of the articular cartilages, forming a fully functioning
joint. To date, cell death has been shown to be relatively unimportant in the process of cavitation
(Andersen, 1961; Bland and Ashhurst, 1996; Ito and Kida, 2000; Kavanagh et al., 2002) and
cell proliferation is thought to have a relatively minor role in this process (Kavanagh et al.,
2002). Instead, substantial changes to ECM production and composition have been observed
during cavitation (Mitrovic, 1978; Mori et al., 1995; Kimura and Shiota, 1996) leading to the
hypothesis that matrix generation is the most important process in this stage of joint development
(Kavanagh et al., 2002). In zebrafish, cavitation of the jaw joint occurs relatively late at around
14 dpf (Askary et al., 2016) relative to joint morphogenesis initiation and onset of joint movement
at 3 dpf. This joint continues to mature with a fluid filled cavity consistently present by 28 dpf,




Articular cartilage at the joint is between 2 and 4mm thick and is made up of a dense extracellular
matrix (ECM) of collagen, proteoglycans, water and other proteins through which chondrocytes
are dispersed (Fox et al., 2009). Chondrocytes are highly specialised cells which can respond
to mechanical and hydrostatic changes. They maintain and replenish the ECM in the articular
cartilage layer (Woo and Buckwalter, 1988). The majority of the ECM is made up of collagen,
accounting for around 75% of its dry weight (Weiss et al., 1968). Type II collagen makes up
90-95% percent of the collagen network, while the remaining 5-10% is comprised of other minor
collagens including Type V, IX and XI. These minor collagens help to organise and stabilize the
Type II collagen fibril network, with studies of chick articular cartilage showing association of
these three collagen types in a tight D-periodic array (Vaughan et al., 1988; Mendler, Eich-Bender,
Vaughan, Winterhalter and Bruckner, 1989).
Articular cartilage consists of 4 distinct zones: superficial (tangential), middle (transitional),
deep, and calcified (Fox et al., 2009). The superficial layer is in contact with the synovial fluid and
functions to protect the deeper cartilage zones from sheer stresses caused during joint movement.
As a result, the collagen molecules (mainly Type II, IX and XI) are tightly packed in a parallel
orientation to the surface of the cartilage (Clark, 1990) (Figure 1.4 D). Chondrocytes in this
zone are relatively abundant and have a flat architecture (Figure 1.4 D) (Buckwalter et al.,
1994). Moving away from the articular surface the zone next to the superficial is the middle zone
which is the largest zone by volume. Collagen fibres are organised in a mesh (Figure 1.4 D) and
chondrocytes have a more rounded architecture here and are present at a lower density (Figure
1.4 D) (Buckwalter et al., 1994; Wong et al., 2009). The deep zone is responsible for absorbing
most of the compressional force in the joint, with collagen fibres arranged perpendicular to the
articular surface (Figure 1.4 D) and a high proteoglycan content to withstand this (Cooper and
Misol, 1970). The calcified zone of articular cartilage is distinguished from the deep zone by
a tidemark (Broom and Poole, 1982) and is important in anchoring the collagen fibres in the
articular cartilage to the underlying bone and provides a gradient of increasing material property
stiffness between the cartilage and bone to aid strain and stress dispersal (Mansfield and Peter
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D     Collagen arrangement in
        articular cartilage zones
Figure 1.4: Structure of synovial joints in humans and zebrafish.
Schematic of a human (A) and zebrafish (B) synovial joint highlighting key components discussed
in section 1.2.1.1. (C, D) Schematic of articular cartilage zones in humans and zebrafish, with the
organisation of chondrocytes (C) and collagen fibres (D) shown for each zone. Nomenclature of
the human zones is shown on the left and for zebrafish on the right. Original figure with elements
adapted from (Askary et al., 2016; Fox et al., 2009)
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In 5 dpf zebrafish, the distinct elements of the craniofacial skeleton (Figure 1.5) are
cartilaginous and contain all the key components of human cartilage, including chondrocytes
which undergo hypertrophy (Mitchell et al., 2013; Askary et al., 2016), collagens and
proteoglycans (Lawrence et al., 2021). As well as having a similar molecular composition to





Site of developing jaw joint
Figure 1.5: Cartilaginous elements of the
zebrafish craniofacial skeleton.
mechanical loads (Brunt, Skinner, Roddy, Araujo,
Rayfield and Hammond, 2016), much like human
cartilage (Vincent and Wann, 2019). The similarities
in zebrafish and human cartilage persist to adulthood,
with multiple zones seen in the cartilage of the
zebrafish jaw joint. At the articular surface of the
zebrafish jaw joint chondrocytes display a flattened
morphology, much like those in the superficial
region of human articular cartilage (Askary et al.,
2016; Buckwalter et al., 1994) (Figure 1.4 C).
Below this layer of articular chondrocytes (moving
away from the joint cavity), rounder chondrocytes
can be seen through the transitional zone before
stacked chondrocytes are visible in the radial zone
(Smeeton et al., 2016). Finally the cells become more
hypertrophic, mirroring the transition in cell state
as you move to the calcified zone in human articular
cartilage (Figure 1.4 C).
1.2.1.3 Articular capsule
The articular capsule is made up of thick connective tissue containing bundles of collagen fibres,
predominantly of the Type II family (Ralphs et al., 1991), as well as chondroitin sulphate and
glycosaminoglycans (Ralphs et al., 1991; Ralphs and Benjamin, 1994). It seals the joint, acting
to contain the synovial fluid which is responsible for lubricating the joint and is responsible for
providing joint stability either passively, through limiting range of joint movement, or actively,
through proprioceptive nerves, to protect the joint and avoid injury (Ralphs and Benjamin, 1994).
Although a continuous articular capsule has not been visualised explicitly in zebrafish, the
presence of a fibrous capsule around the joint cavity has been confirmed (Smeeton et al., 2016).
1.2.1.4 Synovium (synovial membrane)
This membrane is essential for joint homeostasis and has two distinct layers. The first is the
synovial lining, made up of a few layers of synoviocytes (Iwanaga et al., 2000) which produce
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many of the key constituents of synovial fluid. The second is the sub-intimal space, containing
fibrous connective tissue including Type I and III collagen (Gay et al., 1980), along with blood
vessels and a low number of immune cells (Smith, 2011; Bhattaram and Chandrasekharan, 2017)
which acts to supply nutrients to the avascular articular cartilage and clear infections in the
synovial fluid. In the jaw joint of adult zebrafish, a distinct layer of synovial fibroblasts (similar
to the synoviocytes seen in humans) sits inside the fibrous capsule which encapsulates the joint
and is akin to a synovial membrane (Smeeton et al., 2016; Askary et al., 2016).
1.2.1.5 Ligaments and tendons
Ligaments are strong fibrous connective tissue which connect to the bones, keeping them together
and providing strength and stability to the joint. Tendons connect muscle to bone and are







Figure 1.6: Ligament and tendon sites in the
larval zebrafish craniofacial skeleton.
Adapted from (Chen and Galloway, 2014).
of ligaments and tendons is collagen, with
Type I collagen being the most prevalent but
Types III, IV, V, XI and XIV also present
(Frank, 2004). Ligaments act to prevent
joint hyperextension, enabling mobility but
protecting the joint from traumatic injuries
such as dislocations. Depending on their
location in the joint, ligaments can be classified
as extrinsic (outside the articular capsule),
intrinsic (attached to the articular capsule
wall) or intracapsular (inside the articular
capsule). As in humans, zebrafish have
ligaments and tendons which act to stabilise
the jaw joint and craniofacial skeleton (Figure
1.6). Similarly to mammals, craniofacial
ligament and tendon progenitors in zebrafish
are neural crest derived and have been shown
to be homologous to higher vertebrates in their
development and role in joint performance
(Chen and Galloway, 2014).
1.2.2 Cartilage degradation and osteoarthritis
Osteoarthritis is the most common joint disease globally, with an estimated 8.75 million people
aged 45 or over currently affected by the disease in the UK (Arthritis Research UK, 2017). It has
been reported that almost 75% of people living with OA experience constant pain and nearly 13%
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suffer from pain which is often unbearable (Arthritis Research UK, 2017). At present, there is
no pharmaceutical cure for OA, and pain relief medication or joint replacement surgery are the
main treatment options. The former can cause unpleasant side effects and the latter represents a
huge cost to the National Health Service (NHS) with the average total knee replacement costing
around £7500 per patient. In total, the current cost to the NHS is estimated to be £10 billion,
which is set to rise to over £100 billion in the next decade (Woolf, 2018). This economic burden
is further increased by the loss of work hours from people suffering with OA. Versus Arthritis
reports that approximately 30% of people with OA reduce their work hours or retire early as a
direct result of the illness (Arthritis Research UK, 2017).
Commonly, OA affects joints which are used frequently such as hand joints (Hadler et al.,
1978), or joints which are weight bearing such as the knee (Felson et al., 1992; Coggon et al., 2000)
and hip joints (Croft et al., 1992). During OA, the layer of articular cartilage is degraded, leading
to inflammation of the synovium (Pessler et al., 2008) and increased synovial fluid secretion,
causing the joint to swell. In the latter stages of the disease, bones in the joint become misaligned
(Conaghan et al., 2006), causing subchondral bone thickening (Loeser et al., 2012), osteophyte
formation (Felson et al., 2005; van der Kraan and van den Berg, 2007) and ligament degeneration
(Hill et al., 2005; Hasegawa et al., 2012) (Figure 1.7). These combine to cause pain and loss
of joint function seen in OA patients. Chondrocytes are thought to be drivers of the cartilage
degradation seen in OA, and it has been shown that OA chondrocytes have higher proliferation
rates, which leads to hypertrophy and increased apoptosis in the cartilage (Pesesse et al., 2013).
This cell behaviour is also associated with a decrease in ECM secretion and an increase in the
production of enzymes such as matrix metalloproteinases and aggrecanases which degrade the
extracellular matrix (van der Kraan and van den Berg, 2012).
Osteoarthritis is a multifactorial disease. Ageing is a major risk factor, with gender (Srikanth
et al., 2005), weight (Felson et al., 2000, 1992), mechanical loading (Kujala et al., 1995; McAlindon
et al., 1999; Lane et al., 1999) and injury (Roos et al., 2001; Lohmander et al., 2004) all thought
to contribute to disease onset to an extent. Several studies have also linked genetics to OA onset
(Loughlin, 2002), with some estimating the heritability of OA to be between 50 and 65% (Palotie
et al., 1989; Spector et al., 1996).
In most cases, OA occurs from around the age of 50 onwards, and it is rare to find people over
the age of 65 without some detectable OA symptoms (Loeser, 2011). One of the mechanisms by
which ageing has been associated with OA is chondrocyte cell death as a result of age-induced
mitochondrial dysfunction (Kim et al., 2010), although decreased chondrocyte responsiveness
to growth factors such as TGF- (van der Kraan et al., 2010), and resulting changes to receptor
expression (Blaney Davidson et al., 2009) is also thought to be important in disease onset as
people age. It is widely recognised that increasing loading on the joint, through demanding or
repetitive physical activities or obesity, is an important factor in the development of OA. People
that are obese are nearly 5 times as likely to develop OA of the knee joint as those who have a
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normal BMI (Arthritis Research UK, 2017). Obesity particularly affects the knee and hip joints
as higher body weight increases the shear and force experienced by the joint (Messier et al.,
2014), which causes the cartilage to be damaged more rapidly and more extensively.
Figure 1.7: Changes to joint architecture seen in OA.
Schematic representation of common joint changes which occur during OA progression with a
’normal’ synovial joint shown to the left of the dotted line and an osteoarthritic joint shown to the
right. Original figure adapted from diagrams in (Arthritis Research UK, 2017).
1.2.3 Causal Factors of OA
1.2.3.1 Genes
As well as lifestyle factors, certain genes have been found to be associated with OA through
familial studies and Genome Wide Association Studies (GWAS). Studies of heritability between
twins, siblings and whole families have estimated that up to 65% of OA cases have a genetic
contribution (Valdes et al., 2010; Loughlin, 2005; Spector et al., 1996). Over 100 genes have been
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linked to OA through GWAS, with almost 30 loci currently known to have a strong correlation
to the disease (Warner and Valdes, 2017; Chu et al., 2017; Castano Betancourt et al., 2012;
Castaño-Betancourt et al., 2016; arcOGEN Consortium et al., 2012; Day-Williams et al., 2011;
Evangelou et al., 2011; Valdes et al., 2011; Kerkhof et al., 2010; Evangelou et al., 2009; Miyamoto
et al., 2007; Chapman et al., 2008). Cohort studies such as the Avon Longitudinal Study of
Parents and Children (ALSPAC) have shown a genetic contribution to abnormal joint shape
(Baird et al., 2018; Waarsing et al., 2011), which can act as a predictor for OA (Ahedi et al., 2017).
Similar studies were able to associate known OA susceptibility loci, such as the COL11A1rs4907986
risk allele, with abnormal joint shape, suggesting that these loci cause OA through disruption to
joint morphology development (Baird et al., 2019). The hypothesis that genetic factors can cause
a predisposition for OA from birth which accelerates disease onset is given weight by studies
involving patients with developmental dysplasia of the hip (DDH). Affecting around 1.5 in 1000
newborns (Gkiatas et al., 2019), this is a relatively common congenital condition in which the
‘socket’ of the hip joint is underdeveloped leading to complications such as deformation of the
proximal femur and, in more severe cases, hip dislocation. Although DDH is a multifactorial
disease, it has been found to have a high degree of heritability (Li et al., 2013), and a number of
genes including COL1A1 and TGFB1 have been linked to increased susceptibility (Zhang et al.,
2018; Čengić et al., 2015; Feldman et al., 2013; Zhao et al., 2013; Gkiatas et al., 2019). This
condition causes articular cartilage to degrade at an accelerated rate, leading to the premature
onset of hip OA (Jacobsen et al., 2005), with over 40% of individuals with undiagnosed DDH
developing early onset OA between the ages of 20 and 40 years old (Wilkinson, 1992; Peters,
2014).
Early onset OA also occurs in patients with genetic mutations affecting collagen, one such
example of this is seen in Stickler syndrome. Mutations that affect Type II, Type IX and Type XI
collagens, can cause destabilization of cartilage organisation, as observed in Stickler Syndrome.
This is a hereditary group of conditions which affects around 1 in 7500 newborns (Couchouron
and Masson, 2011). Stickler syndrome can be divided into three subtypes depending on the
collagen mutation present (the different forms of Stickler syndrome are summarised in Table
1.1). Type I Stickler syndrome is the most common form and is caused by point mutations in the
COL2A1 gene (Bonafe et al., 2015), and is mostly linked to defects in the vitreous of the eye (Acke
et al., 2014). The Type II form is normally caused by mutations in the COL11A1 gene, such as a
single base mutation at position 97 in the triple helical domain (Richards et al., 1996). The most
common symptoms of Type II Stickler syndrome are ocular abnormalities which give the vitreous
a beaded appearance (Couchouron and Masson, 2011). Finally, Type III Stickler syndrome is
caused by COL11A2 mutations, such as the introduction of a premature stop codon at position 893
in the triple helical domain or in-frame deletions in exons 60 and 39 (Vikkula et al., 1995; Sirko-
Osadsa et al., 1998). It is the only form of Stickler syndrome not to have an ocular phenotype.
Type III Stickler syndrome is characterised by skeletal, orofacial, and auditory abnormalities
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including: scoliosis; hearing loss; cleft palate; joint hypermobility (Acke et al., 2014); multiple
hereditary exostoses (Sirko-Osadsa et al., 1998); and premature OA in 75% of patients before
the age of 30 (Couchouron and Masson, 2011). Mutations in genes encoding Type XI collagens
are also associated with other skeletal disorders, including the severe developmental condition
fibrochondrogenesis (Tompson et al., 2012). The first mutations to be associated with Stickler
syndrome (COL2A1, COL11A1 and COL11A2) are dominant (Vikkula et al., 1995; Williams
et al., 1996; Richards et al., 1996; Snead and Yates, 1999) with a fourth autosomal recessive
mutation in COL9A1 reported later, following a family study (Van Camp et al., 2006). Upon
clinical examination, some members of this family displayed traits associated with Stickler
syndrome including joint hypermobility and retinal degeneration. In contrast to patients with
Stickler syndrome resulting from mutations in Type II and Type XI collagens, those found to
have a mutation in Type IX collagen showed no severe skeletal abnormalities (Van Camp et al.,
2006).





Type I COL2A1 Vitreous defects, retinal detachment, palate defects, OA
Type II COL11A1 Vitreous defects, hearing loss, OA
Type III COL11A2
Hearing loss, scoliosis, midface hypoplasia, palate
defects, joint hypermobility, premature OA
1.2.3.2 Mechanical Loading
Physiological levels of mechanical loading, through muscle contraction and ground reaction
forces (Lanyon et al., 1975; Usui et al., 2003), has been found to be beneficial to cartilage health
in vitro by increasing anabolic processes in chondrocytes, boosting proteoglycan synthesis and
encouraging cell proliferation in articular cartilage (Lee and Bader, 1997; Soltz et al., 2000;
Shelton et al., 2003; Sharma et al., 2007). In vivo experiments in hamsters (Otterness et al.,
1998) and rats (Galois et al., 2003), as well studies in humans (Manninen, 2001), have indicated
that moderate exercise has a chondroprotective role, resulting in decreased risk of severe OA. In
contrast to these findings, overloading or reduced loading of joints has been found to have a role in
cartilage destruction by promoting catabolic pathways in the cartilage. Extreme loading (through
high impact sports (Arendt and Dick, 1995; Levy et al., 1996) or joint misalignment (Meireles
et al., 2017) leads to ECM damage, loss of collagen, chondrocyte cell death and eventually OA
(Torzilli et al., 1999; Loening et al., 2000; Patwari et al., 2004).
Exposing cells, animals and humans to different levels of gravity can also be used as a
technique to study how mechanical loading affects the musculoskeletal system. Microgravity
conditions, such as those experienced during spaceflight, simulate what happens to these tissues
during times of decreased loading. Human bed-rest studies, hind-limb unloading studies on rats
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and studies performed on mice following real microgravity exposure, have shown that a reduction
in the mechanical forces exerted on the skeleton cause proteoglycan loss cartilage degradation
(Souza et al., 2012; Willey et al., 2016; Ganse et al., 2015; Fitzgerald et al., 2019). In cells cultured
in microgravity for short periods, the organisation of the cytoskeleton and ECM composition was
altered in a manner consistent with the changes seen in degraded cartilage (Aleshcheva et al.,
2013; Ulbrich et al., 2010; Zhang et al., 2003; Freed et al., 1997; Van Loon et al., 1995).
In contrast to microgravity, hypergravity conditions induced by techniques such as
centrifugation simulate excessive mechanical loading. These types of gravity conditions are
comparatively less well studied with one study on cultured chondrocytes reporting
downregulation of BMP4 following a parabolic flight in which the cells were exposed to very
short cycles of hypergravity (Wehland et al., 2015). This protein is crucial for Type II collagen
and aggrecan synthesis (Reddi, 2001), both of which are key elements of articular cartilage,
adding to the evidence that that cartilage health deteriorates under excessive loading conditions.
1.2.4 Changes to the extracellular matrix during osteoarthritis
The ECM has a crucial role in cartilage homeostasis and perturbation of this matrix is seen
in OA. Genetic mutations (Section 1.2.3.1) or periods of abnormal loading (Section 1.2.3.2) are
thought to cause progressive changes to the cartilage ECM which contribute to accelerated OA
onset in humans. ECM degradation as a result of OA has been well documented, with the loss of
aggrecan and altered collagen composition considered hallmarks of the disease (Figure 1.8. This
degradation is commonly accepted to happen in two distinct phases (Sandell and Aigner, 2001):
in the first phase, the biosynthetic phase, chondrocytes work to replace and repair the degraded
matrix by increasing their synthesis and excretion of key components (Adams et al., 1987; Epstein
and Hamerman, 1989; Sandell and Aigner, 2001); in the second phase, the degradative phase,
chondrocytes halt matrix synthesis and produce matrix digesting enzymes (Howell, 1986; Sandell
and Aigner, 2001). This degradative phase acts to accelerate cartilage loss and OA onset, partially
explaining how cartilage is able to maintain functionality for many years after disease onset
before a rapid decline leading to severe pain and mobility issues in patients.
In patients with Type I Stickler syndrome, a reduction in the collagenous network of the
cartilage ECM is observed, however the collagen molecules present are structurally normal
hence the less severe joint and skeletal abnormalities seen in these patients (Barat-Houari et al.,
2016; Deng et al., 2016; Lamandé and Bateman, 2020). Type II and Type III Stickler syndrome
traditionally have more severe musculoskeletal and cartilage abnormalities which are associated
with the lack of Type II collagen fibrogenesis caused by the mutations in COL11A1 and COL11A2
(Majava et al., 2007). The differing severity of cartilage degeneration between Type I and Type II/
III Stickler syndrome has been suggested to show that mutations causing structural changes
to ECM proteins cause more severe disease states, as opposed to mutations which result in a
reduction in structurally normal protein which cause a less severe disease phenotype (Lamandé
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and Bateman, 2020). This is thought to be because structurally unstable ECM is more susceptible
to degradation resulting from mechanical loading.
Figure 1.8: Degradation of the ECM is commonly seen in osteoarthritic joints.
Schematic representation of ECM degradation in OA cartilage, mainly through loss of
collagen,proteoglycans, and chondrocytes as a result of apoptosis. Original figure adapted from
(Wu et al., 2019).
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1.3 Challenges of modelling collagenopathies and joint disease
One of the major obstacles to studying changes to the musculoskeletal system before and during
diseases such as Stickler syndrome and OA is being able to see the cells of the joint, their
interaction with surrounding tissues and the signaling pathways that are perturbed in situ. In
humans, the main ways to look at changes to the musculoskeletal system are x-rays, MRI scans,
CT scans, DXA scans and ultrasound imaging (Villa-Forte, 2020). Although these scans give
information on changes to bone, muscle and cartilage architecture, it is not possible to look at
changes at the cellular level, and often these images are not taken until after the patient reports
pain or discomfort, meaning that there is little knowledge of what goes on in the cartilage before
the patient notices symptoms. As it is unethical to perform invasive procedures such as cartilage
biopsies on human patients, the study of OA and collagenopathies depends on model systems.
1.3.1 Existing models of musculoskeletal disease
Currently, a range of models are used to study musculoskeletal disease progression and treatment.
These range from high throughput in vitro cell assays to long-term studies on rodents and larger
mammals such as pigs and cows. Here, I introduce the most prevalent models in musculoskeletal
research, and discuss the strengths and limitations of each.
1.3.1.1 Cell culture
In vitro studies allow distinct signaling pathways to be investigated in great detail in human-
derived cells. This provides answers to important biological questions and removes any ‘species
specific’ effects that may invalidate results or prevent translation from animal tissues to humans.
Ethically, in vitro models are advantageous as they comply with the 3Rs to reduce, refine and
replace (Russell and Burch, 1959; Madden et al., 2012) the use of animals used in research.
They also have the advantage of being high throughput with simple genetic manipulation, rapid
readouts and high reproducibility. This, along with relatively low costs makes them ideal for use
in the pharmaceutical industry as well as academic research. However, in vitro models lack the
3D environment of the skeleton with its complex cell interactions, extensive ECM and mechanical
forces, making them a less physiologically relevant model compared to rodents and zebrafish.
1.3.1.2 Rodents
To address the lack of complexity in in vitro models, many studies on the musculoskeletal system
take place in rodent models. Mammalian models have the major advantage of being evolutionarily
close to humans, enabling comparative studies of most tissues (Waterston et al., 2002). Compared
to larger animal models such as pigs, rodents are relatively low cost, easy to house and have a
high availability of existing genetically modified strains, such as the (DBA/1) mouse in which
osteoarthritis occurs without the need for injury (Nordling et al., 1992). As well as genetically
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modified rodents, some animals develop OA spontaneously, such as Dunkin-Hartley guinea pigs
which have detectable symptoms of OA which closely mimic human disease from as early as 3
months of age (Fenty et al., 2012; Tessier et al., 2003). OA in rodents has a good correlation with
the human disease, and along with the presence of synovial joints in rodents and the range of
transgenic lines available for studying different musculoskeletal components (Helminen et al.,
2002), this adds to their appeal for modelling skeletal diseases. However, rodent models have
a number of disadvantages, including slow generation of new strains and the presence of open
growth plates throughout the life of the animal, giving a higher healing capacity than that seen in
adult humans (Jilka, 2013). Rodent models also present a challenge for live imaging of important
skeletal events in high resolution, resulting in the animal being sacrificed for limb dissection. As
rodents develop in utero, the animal cost for this model is also higher for developmental studies
than other models as the mother must be sacrificed in order to study embryonic stages. The
biomechanical loading in these animals is also significantly different to that of humans (Figure
1.9), presenting another reason for the limited potential of rodents as a translational model for
human disease.
Mice have previously been used to model collagenopathies such as Stickler syndrome. Col11a1
(Cho-/-) mutant mice are neonatally lethal and show decreased limb bone length, cleft palate
and short snouts (Seegmiller et al., 1971). They also display thicker, less uniform collagen fibrils
in the cartilage ECM (Fernandes et al., 2007). In Cho+/- heterozygous mice, Type II collagen
degradation was observed (Rodriguez et al., 2004) along with early onset OA (Xu et al., 2003),
which aligns with the human disease phenotype. The skeletal phenotype of Col11a2 mutants
has not been described to date but hearing loss has been reported in these mice (McGuirt et al.,
1999).
1.3.1.3 Zebrafish
The freshwater zebrafish represents a sophisticated laboratory model for disease with the
advantages low cost of housing, ease of genetic manipulation, rapid development (which has been
carefully staged (Kimmel et al., 1995)) and availability of mutant and transgenic lines. Unlike
rodents, zebrafish have transparent larvae which develop externally enabling non-invasive in
vivo imaging of development in the same fish throughout maturation without the need to
sacrifice the mother. However, compared to other animal models, zebrafish are more remote from
humans than other animal models (last common ancestor was 445 million years ago compared to
96 million years ago for rodents (Peterson et al., 2004)) and they have undergone genome
duplication making functional roles more complex to determine (Meyer and Schartl, 1999).
Despite this, many genes are conserved (Dodd et al., 2000; Taylor et al., 2003) with around 70%
of human genes found to have at least one orthologue in zebrafish (Howe et al., 2013) and 84% of
human disease-related genes having an equivalent in zebrafish (Wellcome Trust, n.d.). In
addition to these more general advantages, zebrafish possess synovial jaw joints (Askary et al.,
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2016) comparable to human joints (Section 1.2.1.1) and the development of the craniofacial
skeleton is well documented (Eames et al., 2013; Schilling and Le Pabic, 2009; Askary et al.,
2017). The biomechanical load exerted on the vertebral skeleton is also more comparable to that
in humans as the skeleton is loaded head to tail as the fish swims through the water which
imparts a force on the fish due to its viscosity (Figure 1.9).
Figure 1.9: Direction of mechanical load in humans compared to animal models used to study
skeletal disorders.
1.4 Thesis Overview
This thesis aims to further understand the importance of collagens in OA onset, particularly
how loss of Type XI collagen affects the structure and function of the cartilage ECM. Specifically,
this thesis will characterise a col11a2 mutation in zebrafish to identify whether this model is
comparable to the human Stickler syndrome phenotype before exploring the changes to cells and
ECM which could explain the musculoskeletal phenotype in humans with similar mutations. It
will then explore how changes to mechanical loading, such as those seen in col11a2 mutant fish,
affect the chondrocytes and their ECM to shed light on how mechanical loading may accelerate
joint degeneration and lead to premature OA. It will also start to compare whether col11a2
mutants are more susceptible to changes in mechanical load due to changes to the cartilage
ECM. Finally, this thesis will explore the premature OA phenotype of col11a2 mutants in adult
zebrafish, focussing on spinal abnormalities and changes to movement before assessing the
importance of pain in OA onset. The role of pain as a causal factor or symptom of OA will be
investigated to give information on whether analgesia should be used pre-symptomatically to
slow disease progression or solely to treat pain in advanced OA.
Overall, this thesis will build on existing work to explore the complex causes of OA with
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the aim of clarifying how multiple disease risk factors can combine to speed up disease onset.
By further understanding how these factors combine, a more tailored approach can be taken to
human treatment based on an individual’s situation and risks; thus providing a more effective












Zebrafish were maintained according to conditions described in (Westerfield, 2000), all
experiments were approved by the local ethics committee and performed under a UK Home
Office Project Licence (number 30/3408).
Adult zebrafish were housed in autoclavable 3.5 litre tanks [Tecniplast ZebTec Zebrafish
Housing] at a maximum density of 16 individuals per tank. To set up zebrafish crosses, breeding
pairs of females and males (ratio of 2:1) were housed overnight in breeding boxes containing
slotted inserts. The following morning, fish were returned to their system tanks and embryos
collected using a sieve. Unfertilised eggs and other debris were removed, and fertilised embryos
kept in 50ml petri dishes containing Danieau’s solution, which was refreshed daily. The embryos
were grown at 28°C and staged prior to experiments using the guidelines described in (Kimmel
et al., 1995). At 5 days post fertilisation (dpf), larvae were entered into the main zebrafish facility
where they were grown to adulthood.
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Table 2.1: Transgenic and mutant zebrafish lines
Line Name Description Source and reference
col11a2sa18324
Premature stop codon
in the triple helical
domain of the α2 chain
of collagen XI as a
result of a C>A base pair
change at position 228.
Stemple lab, Wellcome Trust
Sanger Institute.
(Lawrence et al., 2018)
col9a1bsa12182
Introduction of a splice
site in chromosome 13 as
a result of an A>T point
mutation.
Stemple lab, Wellcome Trust
Sanger Institute.
(Kettleborough et al., 2013)
Tg(col2a1aBAC:
mcherry)




Institute, Utrecht, The Netherlands.
(Hammond and Moro, 2012)
(Hammond and Schulte-Merker, 2009)
Tg(smyhc1:EGFP)
Slow myosin heavy
chain 1 labelled with
enhanced GFP (eGFP).
Ingham lab, Nanyang Technological
University, Singapore.
(Elworthy et al., 2008)
Tg(col10a1aBAC:
citrine)hu7050
Type X collagen gene
col10a1a labelled with
citrine.
Schulte-Merker lab WWU Munster,
Germany.






Kelsh lab, University of Bath,
Bath, United Kingdom.









Lawson lab, University of
Massachusetts Medical School, USA.
(Parsons et al., 2009)
Tg(Ola.Sp7:NLS-
GFP)
A 4.1 kb upstream
regulatory region of
medaka osterix in front
of a nuclear localization
signal followed by GFP.
Schulte-Merker lab WWU Munster,
Germany.
(Spoorendonk et al., 2008)
2.2 Transgenic and Mutant Zebrafish Lines




Following preliminary experiments to determine effect size and standard deviation of results,
power calculations were performed to estimate the appropriate sample size to reject or accept the
null hypothesis. These calculations were performed in PS: Power and Sample Size Calculation
software (version 3.1.6, (Dupont and Plummer, 1990)). Calculation parameters and suggested
sample size for the experiments performed can be found in Table 2.2.
Table 2.2: Power calculation parameters and output





Wild type and col11a2
mutant comparisons
(larvae)
0.05 80% 20 10 5
Wild type and col11a2
mutant comparisons
(adult)




0.05 80% 15 10 8
Larval swim behaviour
studies
0.05 80% 2 1.5 18
Adult swim behaviour
studies
0.05 80% 30 10 4
2.4 DNA Extraction and Genotyping
For adult genotyping, fish were anaesthetised in 0.1mg/ml Tricaine Methanesulphonate (MS222
[Sigma]), placed on a sterile surface and the end of the tail fin clipped with a sterile razor
blade. The fish were then returned to a recovery tank containing fresh water until they regained
consciousness, following which they were moved to an individual genotyping tank. For larval
genotyping, whole larvae were used.
The fin clips or whole larvae were incubated in 50µl of base solution (25mM NaOH, 0.2 mM
EDTA) at 95°C (30 minutes for larvae or 1 hour for adult fin clips) followed by the addition of
neutralisation solution (40mM Tris HCl, pH 5) and storage at 4°C for at least 1 hour. Following
DNA extraction, samples were sequenced using either Polymerase Chain Reaction (PCR) and
Sanger sequencing [Eurofins] or Kompetitive Allele Specific PCR (KASP) [LGC Biosearch
Technologies].
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2.4.1 Sanger Sequencing
The region of isolated genomic DNA where the col11a2 mutation occurs was amplified by PCR
(Table 2.3) and the product checked on a 1% agarose gel run at 80V for 1 hour. This PCR product
was then sent to Eurofins MWG Operons for sequencing with the appropriate primer (col11a2 =
reverse primer). Single base changes in the sequence at the known mutation point were used to
identify wild type, heterozygote and mutant fish (Figure 2.1).
Table 2.3: PCR Reaction and Program for Sanger Sequencing
PCR Reaction Mix PCR Cycle
1x master mix
- 8µl 2x EmeraldAmp Max PCR
Master Mix [Takara]
- 7µl dH2O
- 0.5µl Forward primer
(col11a2 - GGTGGCCTGATTCTGACCA)
- 0.5µl Reverse primer
(col11a2 - TATCTCACACCAGGATGCCG)
1. 95°C for 5 minutes
2. 95°C for 30 seconds
3. 60°C for 30 seconds
4. 72°C for 40 seconds
*Repeat steps 2-4 for 35 cycles*
5. 72°C for 10 minutes
(col11a2 - TATCTCACACCAGGATGCCG,








Average quality >= 10: 422, 20: 102, 30: 205
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Average quality >= 10: 404, 20: 101, 30: 300
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Figure 2.1: Example output files from Sanger sequencing of col11a2 fish
28
2.4. DNA EXTRACTION AND GENOTYPING
2.4.2 KASP Genotyping
4µl of DNA was added to the PCR reaction mix (Table 2.4) and amplified by PCR using the
QuantStudio3 real time PCR machine [Applied Biosystems]. An image of the plate was taken
after each cycle and an alleleic discrimination plot was generated in the QuantStudio Design
and Analysis software. This plot assigns a genotype to each well of a 96-well plate based on the
relative fluorescence in that well compared to a control of known genotype (Figure 2.2).
Table 2.4: PCR Reaction and Program for KASP genotyping
PCR Reaction Mix PCR Cycle
1x master mix
- 5µl KASP mix containing Taq polymerase
enzyme and 5-carboxy-X-rhodamine,
succinimidyl ester (ROX)
- 0.14µl KASP assay mix containing 1 primer
for each SNP allele and one common reverse
primer
- 0.064 µl MgCl2
- 0.8µl dH2O
1. 94°C for 15 minutes
2. 94°C for 20 seconds
3. 61°C for 1 minute
*Repeat steps 2-3 for 26 cycles*
4. 10°C for 30 seconds
- 0.14ul KASP assay mix containing 1 prime
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Allele specific forward primers:









Allele 1 primer binds and elongates
5’ 3’
Reverse primer elongates 5’-3’
5’ 3’





Allele 2 primer binds and elongates
5’ 3’









Generation of complementary copy of allele specific tail sequence
PCR Round 2



















FAM-labelled oligo binds and is un-quenched HEX-labelled oligo binds and is un-quenched
HEX label remains quenched FAM label remains quenched
Figure 2.2: Overview of KASP Genotyping
Adapted from LGC website (How does KASP work | LGC Biosearch Technologies, n.d.).
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2.5 In situ Hybridisation
In situ hybridisation was performed as described in (Thisse and Thisse, 2008). Larvae were
fixed in 4% paraformaldehyde (PFA), bleached (3% H2O2 in 0.5% KOH) and dehydrated to 100%
MeOH, in which they were kept for a minimum of 12 hours. Samples were then rehydrated to 1x
phospate buffered saline + 0.1% tween20 (PBT), digested in 20µg/ml proteinase K and re-fixed in
4% PFA for 20 minutes prior to incubation in pre-hyb buffer (see below for recipe) for 5 hours at
70°C. Following this incubation, larvae were probed with a previously described probe for col11a2
(Fang et al., 2010), with a final probe concentration of 50ng in pre-hyb buffer, overnight (o/n) at
70°C before passing through multiple washes (Table 2.5) and incubation in blocking buffer for
1 hour at RT with gentle agitation. Blocking buffer was made up of 2% horse serum and 10%
bovine serum albumin (BSA) in 1x PBS.
Table 2.5: Washes performed during in situ hybridisation
Washes at 70°C Washes at RT
1. 100% HM (pre-hyb buffer without tRNA
and heparin)
2. 75% HM / 25% 2x SSC 15 minutes
3. 50% HM / 50% 2x SSC 15 minutes
4. 25% HM / 75% 2x SSC 15 minutes
5. 2x SSC 15 minutes
6. 0.2x SSC 30 minutes
7. 0.2x SSC 30 minutes
1. 75% 0.2x SSC / 25% 1x PBT 10 minutes
2. 50% 0.2x SSC / 50% 1x PBT 10 minutes
3. 25% 0.2x SSC / 75% 1x PBT 10 minutes
4. 100% 1x PBT 10 minutes
Samples were then placed in antibody solution (Anti-Digoxigenin-AP, Fab fragments [Roche]
1:5000 in 2%horse serum, 10% BSA) o/n at 4°C with gentle agitation, washed in PBT and stained
with nitro-blue tetrazolium chloride/5-bromo-4-chloro-3’-indolyphosphate p-toluidine salt
(NBT/BCIP) [Roche] (1:50 in staining buffer, see buffer recipe below). 4% PFA was used to stop
the staining and larvae were imaged on a GXM-L3200 B upright microscope.
Pre-Hyb Buffer Recipe Staining Buffer Recipe
For 20ml:
- 10ml formamide
- 5ml 20X SSC
- 100µl 20% tween 20
- 184µl 1M citric acid
- 200µl heparin
- 200µl tRNA
- 4.3µl diethyl pyrocarbonate
(DEPC) treated H2O
For 10ml:
- 1ml 1M Tris HCl
- 500µl 1M MgCl2
- 250µl 4M NaCl
- 50µl 20% tween 20
- 8.2ml dH2O
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2.6 Whole Fish and Swim Bladder Measurements
Fixed larvae were mounted in 70% glycerol and imaged on a Leica MZ10F stereo microscope
at 1.8x zoom. The images were imported into Fiji (Schindelin et al., 2012) and the line tool was
used to measure the length of the fish from head to tail (green line in Figure 2.3A). The line tool
was also used to calculate the volume of the swim bladder, with a measurement taken along the
horizontal axis at the longest point (red line in Figure 2.3B) and another along the vertical axis
at its widest point (blue line in Figure 2.3B). The formula below was then used to calculate the
volume of the swim bladder (Lindsey et al., 2010).




Figure 2.3: Location of whole fish and swim bladder measurements
2.7 Antibody Staining
Fish were fixed in 4% PFA for 2 hours at room temperature (RT) or o/n at 4°C before being
dehydrated to 100% MeOH. For wholemount immunostaining of larvae, tissues were
sequentially rehydrated to 1x phosphate buffered saline + 0.1% triton X-100 (PBST),
permeabilised and blocked in 5% horse serum prior to incubation in primary antibodies at 4°C
o/n. For a full list of primary antibodies and the method of permeabilisation used, see Table 2.6.
Following this incubation, samples were washed in PBST, re-blocked and incubated in
appropriate secondary antibodies o/n at 4°C. Where required, the fish were incubated in
4,6-diamidino-2-phenylindole (DAPI [Invitrogen]) diluted 1:1000 for 1 hour and washed in PBST
prior to imaging. A full list of secondary antibodies and their dilutions can be found in Table 2.7.
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Table 2.6: Primary antibodies used for immunostaining
Antibody Species Dilution Permeabilisation Method Manufacturer
Collagen Type II Rabbit 1:500
15mg/ml Proteinase K at
37°C (20 minutes for 3dpf,
50 minutes for 5dpf, 70
minutes for 7dpf). Refresh
every 30 minutes.
Abcam (ab34712)
Collagen Type II Mouse 1:50
15mg/ml Proteinase K at
37°C (20 minutes for 3dpf,
50 minutes for 5dpf, 70









0.025% trypsin for on ice







0.025% trypsin for on ice





Collagen Type I Rabbit 1:100
15mg/ml Proteinase K at
37°C (20 minutes for 3dpf,
50 minutes for 5dpf, 70
minutes for 7dpf). Refresh
every 30 minutes.
Abcam (ab23730)
Table 2.7: Secondary antibodies used for immunostaining
Antibody Dilution Manufacturer
DyLight goat anti-mouse 488
1:500 ThermoFisher
DyLight goat anti-rabbit 555
AlexaFluor goat anti-mouse 488
AlexaFluor goat anti-mouse 555
AlexaFluor goat anti-chicken 647
AlexaFluor donkey anti-mouse 488
AlexaFluor donkey anti-rabbit 568
2.8 EdU labelling, detection and analysis
Cell proliferation in larvae between the ages of 4.5 and 5 dpf was visualised with 5-ethynyl-2’-
deoxyuridine (EdU) using the EdU Click-iT Kit [Thermofisher scientific]. Larvae were incubated
in a solution of 400µM EdU/10% DMSO in Danieau’s solution at 28.5°C for 15 hours, with each
larvae kept in a separate well of a 96-well plate in 150µL of solution for the duration of the
exposure. Following this incubation, the larvae were culled with an overdose of anaesthetic and
fixed in 4% PFA for 2 hours at RT. To detect the EdU labelling of cells, the larvae were washed in
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3% BSA in 1x phosphate buffered saline (PBS) prior to permeabilisation in 1% Triton-X100/1%
DMSO in 1x PBS and incubation in the ‘reaction cocktail’ (see recipe below) for 30 minutes at RT
in the dark under agitation. Finally, larvae were washed in 3% BSA in PBS and stained with
Hoechst 33342 (1:2000 in PBS) for 30 minutes at RT before imaging on a confocal microscope.
Reaction Cocktail Recipe
For 1ml:
- 860µL 1x Click-iT reaction buffer
- 40µL CuSO4
- 2.5µL 647 AlexaFluor azide
- 100µL Reaction buffer additive
Confocal images of fish from the EdU Click-iT reaction were loaded in Fiji and the number of EdU
positive cells were counted manually using the multi-point tool. The lower jaw cartilage elements
were distinguished using the Hoechst channel and EdU positive cells within the Meckel’s cartilage,
palatoquadrate and ceratohyal were counted separately.
2.9 Phalloidin Staining
Larvae were fixed in 4% PFA prior to PBS washes and incubation in AlexaFluor 555 conjugated
phalloidin (1:20 in PBS [Invitrogen]) o/n at 4°C. Following this incubation samples were washed
in PBS, mounted laterally in agarose and imaged on a Leica SP5II confocal microscope with a
20x immersion or 40x oil lens (Table 2.8).
2.10 Live FM1-43 Labelling
The lipophilic label FM1-43FX [Thermofisher scientific] was diluted to 3µM in Danieau’s solution
and 5dpf zebrafish were incubated in this solution for 30 seconds before imaging on a Leica
MZ10F stereo microscope using GFP imaging settings.
2.11 Live alizarin red stain
Live 5 or 7 dpf zebrafish larvae were incubated in 0.5% Alizarin red/10mM HEPES in Danieau’s
solution for 30 minutes at 28.5C before being washed 3 x 5 minutes in Danieau’s, anaesthetised





Stained zebrafish larvae were mounted in the appropriate orientation on a coverslip in 0.5% low
melting point (LMP) agarose prior to imaging on Leica SP5II or SP8 confocal microscopes with
10x, 20x or 63x objectives, details of each lens can be found in Table 2.8. Images were acquired at
a 512 x 512 pixel (px) resolution with a line average of 3, and system optimized z-slice spacing
was used.
2.12.2 Live samples
Larvae were anaesthetised in 0.1mg/ml MS222 and mounted on a coverslip in warm 0.3% LMP
agarose with MS222 prior to being imaged on a Leica SP5II confocal microscope with a 10x
objective. The microscope environment was kept at 28°C and following imaging fish were flushed
from the agarose and kept in separate wells of a 24-well plate to allow free movement before the
subsequent imaging session.
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2.13 Jaw and Joint Measurements
Confocal image stacks of the lower jaw immunostained for Type II collagen were loaded into
Fiji and the line tool, followed by the measure command, were used to take length and width
measurements. Length measurements were taken from the anterior tip of the Meckel’s cartilage
to a point in line with the posterior tip of the ceratohyal (blue line in Figure 2.4A). Width
measurements were taken from the outer edge of the jaw joint to the outer edge of the opposite
joint (red line in Figure 2.4A). To take measurements of the joint, confocal .lif files of the lower
jaw immunostained for Type II collagen were loaded into Amira 6.0 [FEI] and surface models
were generated manually by segmenting jaw joints using the segmentation tool. Measurements
of the terminal region of the Meckel’s cartilage and the jaw joint space were taken using the 3D
perspective measurement tool (red lines in Figure 2.4B).
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Figure 2.4: Location of jaw and joint morphology measurements.
(A) Larval lower jaw with location of measurements taken marked by blue and red line. (B) Joint
region of larval lower jaw (location shown by green dashed box in (A) with joint measurements
shown by red lines. MC = Meckel’s cartilage, PQ = palatoquadrate, C = Ceratohyal.
2.14 Quantification of Cell Circularity
Cell circularity measurements were taken from individual confocal image stacks of Type II
collagen immunostained larvae. Immature and hypertrophic chondrocytes in the lower jaw
were outlined using the freehand selection tool in Fiji (Figure 2.5B) and the measure function
was used to analyse the circularity of each cell. Measurements were taken from 3 fish per
genotype/condition, with 10 immature chondrocytes measured from the Meckel’s symphysis and
each jaw joint along with 10 hypertrophic chondrocytes measured at the mid-point of each side of
the Meckel’s cartilage (Figure 2.5A). Chondrocytes were distinguished by their morphology and
position in the jaw cartilage: rounded cells in the terminal regions of each element were classed
as immature chondrocytes and elongated cells stacked in the middle of the cartilage elements
were classed as hypertrophic chondrocytes (Figure 2.5B).
2.15 Visualisation and Quantification of Exostoses
To better visualise exostoses (a chondrocyte surrounded by matrix which sits outside the the
cartilage element), confocal .lif files of the lower jaw of Tg(Col2a1aBAC:mcherry) fish were
loaded into Amira 6.0 [FEI] and 3D volume renders were created using the VolRen command.
The grayscale range of colour was chosen as it showed the cell outlines most clearly. Exostoses
were quantified in each lower jaw element from single confocal image stacks in Fiji using the
multi-point tool.
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Figure 2.5: Location of cell circularity measurements.
(A) Larval lower jaw with location of measurements taken marked by blue and red regions.
(B) Example z-stacks with immature (blue) and hypertrophic (red) chondrocytes outlined by
freehand selection tool. MS = Meckel’s symphysis, MC = Meckel’s cartilage, JJ = Jaw joint, PQ =
palatoquadrate, C = Ceratohyal.
2.16 Muscle quantifications and calculation of muscle force
In order to accurately model strain through the lower jaw, muscle forces were calculated for Finite
Element (FE) modelling. The number of muscle fibres and their length was quantified manually
in Fiji from confocal images of A4.1025 stained zebrafish at 5dpf. Methodology from (Brunt et. al.,
2016) was used to calculate the muscle forces for each muscle group. Initially, the cross-sectional
area of the fibers was calculated using the formula: πr2 and the resulting value was multiplied by
the number of muscle fibers to give the cross-sectional area of the whole muscle group. This area
was then multiplied by the maximal force generated per unit area for larval zebrafish skeletal
muscles (40nN/µm2, from Iorga et.al. 2011) to give the final force value for the muscle.
2.17 Wholemount Alcian Blue and Alizarin Red Staining
Larval zebrafish were stained in accordance with a previously described protocol (Walker and
Kimmel, 2007). Following a lethal overdose of MS222, larvae were fixed in bone fix (3.5%
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formaldehyde in 0.1M phosphate buffer) for 1 hour at RT, dehydrated to 70% MeOH and stored
at 4°C o/n. Subsequently, larvae were washed in 50% MeOH and 80% EtOH for 5 minutes each
and then stained with Alcian blue (0.02% Alcian blue [Sigma] in 70% EtOH with 80mM MgCl2)
for 1 hour at RT. 5 minute washes in 50% EtOH, then dH20 with 0.2% Triton-X100 were
performed prior to bleaching in 0.9% H2O2, 0.2% KOH in dH2O with 0.2%Triton-X100 until the
eyes turned amber and pigment was lost. Following bleaching, samples were washed twice in
dH20 with 0.2% Triton-X100 for 5 minutes per wash, then 100% borax for 10 minutes before
digestion in trypsin (1mg/ml, 60% borax in dH20 with 0.2% Triton-X100) for 1 hour at 37°C. The
larvae were then stained in Alizarin red (0.003% Alizarin Red [Sigma] in 1% KOH) for 3 hours,
cleared in 20% glycerol, 0.8% KOH and stored in 70% glycerol prior to being imaged on a Leica
MZ10F stereo microscope.
2.18 Atomic Force Microscopy
Atomic Force Microscopy (AFM) was performed on isolated larval cartilage which had previously
been stained with Alcian blue and Alizarin red in wholemount. To isolate the cartilage of interest,
the lower jaw was dissected under a Leica MZ10F stereo microscope using fire-pulled glass
capillary tubes (1.2mm diameter [Harvard Apparatus]). All skin and surrounding tissue was
removed from the jaw before mounting on 12mm diameter glass coverslips. Tissue was kept in
10% glycerol throughout this process to prevent it drying out.
To measure the material properties of the jaw a multi-mode VIII AFM with Nanoscope V
controller and PeakForce control mechanism were used. The force-curves measured for means of
set-point control were collected in the PeakForce system and analysed in real-time to provide
quantitative nanomechanical mapping (QNM) of the samples. QNM analysis was conducted
with Nusense SCOUT cantilevers [NuNano], (nominal tip radius 5nm, spring constants 21 – 42
N/m) and RTESPA-300 cantilevers [Bruker], (nominal tip radius 8nm and spring constants 30
– 60 N/m). Additional high-resolution imaging of the topographic features of the cartilage was
conducted using SCANASYST-AIR-HR cantilevers [Bruker, CA, USA] (nominal tip radius of 2nm).
The system was calibrated for measurement of Young’s modulus (YM) in areas of immature and
hypertrophic chondrocytes. These areas were fitted with Derjaguin-Muller-Toporov (DMT) models
and known Young’s Modulus values (PDMS-SOFT-1-12M (2.5 MPa) [Bruker]) and associated
methods were used. A total of 65,536 measurements were taken over a 500nm x 500nm region
and a root-mean-square (RMS) mean was calculated. 3 repeats were performed per sample; with a
minimum of 3 fish per condition or genotype analysed. AFM was carried out by Robert Harniman
(School of Chemistry, University of Bristol) and the methodology published in (Lawrence et al.,




Whole larvae were fixed in 4% PFA at 5 dpf and stored in 100% MeOH. Prior to nano-indentation,
samples were rehydrated to 1 x PBS before being stored in 30% sucrose in PBS. The samples were
then submerged in a 1:1 mix of 30% sucrose and optimum cutting temperature (OCT) at RT until
the samples sunk to the bottom of an Eppendorf tube. Prior to sectioning, samples were embedded
in fresh 30% sucrose and OCT mix and flash-frozen on dry-ice. Embedded samples were sectioned
sagittally at a thickness of 10 µm using an NX70 Cryostat [CryostarTM, ThermoFisher]. Nano-
indentation was performed on sections featuring the Meckel’s cartilage and/or jaw joint using a
Chiaro nanoindenter [Optics 11] and all measurements were taken in PBS at RT. A spherical
nano-indentation probe with an 8µm radius and stiffness of 0.49N/m was used. Indentation was
performed to a depth of 1µm with velocity of 1µm/s, and the tip held at a constant depth for
10s. The analysis was based on the approach by (Oyen, 2015). Nano-indentation was performed
across all sections containing relevant cartilage regions, with one measurement collected per
region of interest in each section. The resulting Young’s Moduli were averaged for each region
across sections. This was performed for 3 fish from each group. Nano-indentation and subsequent
analysis was performed by Josepha Godivier (Department of Bioengineering, Imperial College)
and figure legends acknowledge this where applicable. Methodology previously published in
(Lawrence et al., 2021).
2.20 Finite Element Analysis
FE models were created as in (Lawrence et al., 2018, 2021), with representative ventral confocal
image stacks of the zebrafish lower jaw selected, individual cartilage elements segmented using
Otsu segmentation in ScanIP [Synopsys] (Figure 2.6 A), and a solid geometry mesh created using
the interpolation and 3D wrap tool. To blend rough small element clusters on the mesh which
could interfere with the model, recursive Gaussian smoothing filters at 1px3 were used.
Different material properties determined from AFM or nano-indentation were assigned to
immature and hypertrophic chondrocytes by splitting the cartilage geometry using the 3D editing
tool in ScanIP. The duplicate mesh of the joint area was subtracted from the original cartilage
mesh using a Boolean operation and the resulting meshes were added to a model, with the
corresponding material property values assigned to the two regions (Figure 2.6 B).
Following this, the models were imported into Abaqus [Dassault Systemes] and separate
steps created to simulate jaw opening and closure. Boundary conditions were applied to these
steps. The jaw was constrained at the ceratohyal in all axes of motion and at the base of the
palatoquadrate in the y and z axes. Muscle forces were calculated as in Section 2.16 and direction
of opening/closure and muscle attachment points from (Brunt, Roddy, Rayfield and Hammond,
2016) were used. The datum tool in Abaqus was used to create a coordinate system for each
muscle; then used as the coordinate system for force direction between each muscle’s insertion
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and origin to ensure force travelled along the same vector from one end to the other. Finally, a job
was created and executed for each model, with jaw movement in the form of opening and closure
simulated and the output analysed for stress, strain and displacement. Finite Element Models
were made in collaboration with Jessye Aggleton (University of California San Francisco; formerly











A BSegmentation from confocal 
image stacks
Assignment of material 
properties from AFM
Figure 2.6: Generation of FE models.
(A) The Meckel’s cartilage (white), palatoquadrate (blue) and ceratohyal (red) were segmented
from confocal images of 7 dpf wt and col11a2-/- zebrafish.(B) Material properties from AFM were
applied to the corresponding regions of the lower jaw. Dark red = Immature chondrocytes, grey
= hypertrophic chondrocytes and green = joint. Models made by Jessye Aggleton, from confocal
data generated by Elizabeth Lawrence and AFM data from Robert Harniman. Figure adapted
from Lawrence et.al, 2018.
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CELLS IN THE INNER EAR
Table 2.9: Material property values used for Finite Element model generation of wild type and
col11a2-/- zebrafish.
Wild type col11a2-/-
Hypertrophic chondrocytes 7.55 MPa 30.53 MPa
Immature chondrocytes 4.29 MPa 5.48 MPa
Joint region 0.25 MPa 0.25 MPa
Poisson’s ratio 0.25 0.25
2.21 Quantification of ear cartilage width and notch responsive
hair cells in the inner ear
Measurements of inner ear cartilage were taken using the line tool in Fiji from confocal image
stacks of 5 dpf wild type or col11a2+/- Tg(col2a1aBAC:mcherry;Tp1bglob:eGFP) fish. The
cartilage thickness was measured at 3 locations: the hyosymplectic junction, ventral pillar
junction and the posterior cartilage of the ear (Figure 2.7 B). The presence of inner ear sensory
hair cells was also quantified from these fish using the multi point tool in Fiji. The number of
notch responsive cells was counted in the 5 sensory patches of the inner ear: the anterior, medial
and posterior cristae, and the anterior and posterior maculae (Figure 2.7 C).













Figure 2.7: Quantification of inner ear structures in zebrafish larvae
(A, A’) Schematic showing the position of the ear in larval zebrafish from a dorsal view (A) and a
lateral view (A’). Red box shows location of the ear in relation to whole larvae. (B) Lateral-view
schematic showing the location of 3 measurements taken to quantify ear cartilage thickness
(red line = hyosymplectic junction, green line = ventral pillar junction, blue line = posterior ear
cartilage). (C) Lateral-view schematic depicting the location of the 5 sensory patches in the larval
ear from which notch-positive hair cells were quantified.
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2.22 Quantification of otolith position, area and circularity
The position of the otoliths in the ear was determined from brightfield images of Alcian blue
Alizarin red stained fish with the line command in Fiji used to measure the distance between
the anterior and posterior otolith from a lateral view. To measure their area and circularity, the
anterior and posterior otoliths were outlined individually using the freehand selection tool in Fiji
and the measure command was used to obtain area and circularity measurements.
2.23 Hypergravity Experiments
Zebrafish were exposed to hypergravity in the Large Diameter Centrifuge (LDC) (Van Loon et al.,
2008) at the European Space Research and Technology Centre (ESTEC) from 3 dpf to 5 dpf.
The LDC consists of a central axis linked to 2 arms, with 6 gondolas in which samples can be
placed. These 6 gondolas can be set to 2 different hypergravity levels, with an additional central
gondola at 1g to control for rotation and possible related Coriolis accelerations (Van Loon, 2007).
The larvae in our study were exposed to 3g and 6g, with control larvae located at the central axis.
Further larvae were maintained in a 1g static environment (Figure 2.8 A).
In each gondola, 4 petri dishes containing 150ml of Danieau’s solution and <35 embryos
were stacked in an incubator set to a constant temperature of 28°C (Figure 2.8 B). Larvae were
kept in the dark except during the recording of swim behaviour videos. Following exposure to
hypergravity, one petri dish from each gravity condition was used for swim behaviour analysis and
the remaining larvae were fixed in 4% PFA or bone fix (3.5% formaldehyde in 40mM phosphate


























































Figure 2.8: Setup of Large Diameter Centrifuge
(A) Schematic to show distribution of samples across the LDC facility (not to scale).(B) Graph
showing changes in temperature in the incubators during the course of the 48 hour spin. Figure
adapted from (Lawrence et al., 2021).
2.24 Histology
Samples were fixed in 4% PFA, embedded in paraffin and sectioned at 5µm thickness on
Superfrost Plus slides [Thermo Scientific]. Prior to all staining, slides were immersed in
histoclear for 30 minutes and rehydrated to water through serial dilutions of EtOH (100%, 90%,
70%).
2.24.1 Haemotoxylin/Eosin and Alcian Blue
Following removal of paraffin, slides were rinsed in tap water and stained in Erhlic’s haematoxylin
for 5 minutes. Next, slides were rinsed in tap water and dipped in acid alcohol (70% EtOH, 1%
HCl) for 10 seconds, rinsed, then dipped in Scotts water for 10 seconds. This process was repeated
until the desired colour was achieved (stain visible in nucleus but not cytoplasm). Slides were
then placed in eosin solution for 10 seconds, rinsed in water and immersed in Alcian blue for 30
minutes. Finally, the sections were dehydrated sequentially to 100% industrial methylated spirit
(IMS), immersed in xylene 3 x 5 minutes and mounted using DPX mountant [Sigma].
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2.24.2 Picrosirius Red
After paraffin removal and rehydration, the sections were immersed in picrosirius red (1mg/ml
Sirius red [Sigma] in saturated aqueous picric acid), pH 2) for 1 hour. Next, they were washed in
2 changes of acidified water and dehydrated to 100% EtOH before mounting with DPX mountant.
2.24.3 Safranin O/Fast Green Staining of Cartilage
Once in water, slides were stained with Weigert’s iron haematoxylin for 10 minutes, washed
under running tap water for a further 10 minutes and stained with 0.05% fast green (FCF)
solution for 5 minutes. Then, slides were rinsed for 15 seconds in 1% acetic acid and immersed in
0.1% Safranin O solution for 5 minutes. Finally, slides were dehydrated in 95% IMS, 100% IMS
with 2 changes of solution and a 2 minute incubation time for each step, cleared in xylene 3 x 5
minutes and mounted using DPX mountant.
2.24.4 Acid Fuschin Orange G (AFOG) Staining
Following rehydration, sections were re-fixed in Bouin’s solution for 24 hours (first 2 hours at
60°C and the remainder at RT) and rinsed in tap water for 5 minutes until yellow colouration
was completely lost. Next, sections were stained with Weigert’s iron haematoxylin for 8 minutes,
rinsed in tap water and differentiated by dipping in acid alcohol for 10 seconds, tap water for 10
seconds and Scott’s water for 30 seconds until the stain was only present in the nucleus. Sections
were briefly rinsed in distilled water, further differentiated in phosphomolybdic acid for 5 minutes
and stained in acid fuschin orange g (AFOG) solution for 8 minutes. Finally, sections were washed
in 3 changes of tap water, air-dried overnight, cleared in xylene and mounted with DPX.
2.24.5 Masson’s Trichrome
Sections were re-fixed in Bouin’s solution and stained in Weigert’s iron haematoxylin, as above,
prior to staining in Ponceau Fuschin (Masson’s) for 5 minutes. After staining, sections were
rinsed in distilled water, immersed in phosphomolybdic acid solution for 5 minutes and counter
stained with Aniline blue for 5 minutes. Slides were then dipped in 1% acetic acid for 10 seconds,
rinsed, air-dried overnight, cleared in xylene and mounted with DPX mounting medium.
2.25 Transmission Electron Microscopy
2.25.1 Tissue Fixation and Preparation
Following MS222 overdose, 5dpf larvae were fixed in 2.5% glutaraldehyde in 0.1M sodium
cacodylate for 1 hour at RT in a fume hood before being washed in 0.1M sodium cacodylate 3 x 15
minutes. Samples were embedded in 3% agarose before treatment with osmium/uranyl acetate,
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dehydrated and infiltrated with Epon in a Leica EM TP tissue processor using the standard
protocol outlined in Table 2.10.
Table 2.10: Standard protocol for electron microscopy (EM) tissue processing in Leica TP EM
Solution Agitation setting Time (hh:mm) Temp (°C)
0.1M sodium cacodylate AG3 00:10 4
0.1M sodium cacodylate AG3 00:10 4
1% OsO4 in0.1M sodium cacodylate AG3 01:00 4
0.1M sodium cacodylate AG3 00:10 4
Deionised H2O AG3 00:10 4
Deionised H2O AG3 00:10 4
3% Uranyl Acetate AG3 04:00 10
30% EtOH AG3 00:10 10
70% EtOH AG3 00:10 15
80% EtOH AG3 00:10 15
95% EtOH AG3 00:15 20
100% EtOH AG3 00:15 20
100% EtOH AG3 00:15 20
100% EtOH AG3 00:20 20
100% EtOH AG3 00:20 20
100% propylene oxide AG3 00:10 20
100% propylene oxide AG3 00:10 20
100% propylene oxide AG3 00:10 20
50% propylene oxide/50% Epon AG3 01:30 20
100% Epon AG1 01:00 20
100% Epon AG1 01:00 20
100% Epon AG1 02:00 20
100% Epon AG1 03:00 20
100% Epon AG1 06:00 20
2.25.2 Tissue Sectioning and Staining
Samples were embedded in 100% Epon in a lateral orientation and left to harden at 60°C for
2 days. These blocks were then mounted onto a Leica EM UC7 RT ultramicrotome, coarsely
sectioned using a razor blade until the area of interest was reached and from here semi-thin
sections were taken with a glass knife at a thickness of 1µm. These ‘semi-thins’ were stained
with toluidine blue to label the cartilage so the plane of interest could be found more accurately.
Once this was reached, ultra-thin serial sections were taken using a diamond knife [Diatome] at
a thickness of 70nm and transferred from the water filled reservoir to copper EM slot grids. The
sections were left to dry o/n minimum before staining in uranyl acetate for 5 minutes followed by
2 x 5 minutes in deionised H2O, 5 minutes in lead citrate and 2 x 5 minutes in deionised H2O (all
at RT). Samples were transferred to a grid box and left to dry before imaging.
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2.25.3 Imaging
Samples were imaged on a Tecnai 12 -FEI 120kV BioTwin Spirit Transmission Electron
Microscope.
2.26 Scanning Electron Microscopy
Whole larvae were fixed in 4% PFA for 2 hours and post-fixed in 2.5% glutaraldehyde in 0.1M
sodium cacodylate for 1.5 hours, both at RT under agitation. Samples were then washed in
0.1M sodium cacodylate and sequentially dehydrated to 100% EtOH over the course of 24 hours.
Following dehydration, the larvae were prepared in a Leica CPD300 critical point dryer and
sputter coated with gold/palladium in an Emitech 575X sputter coater. Larvae were imaged in an
FEI Quanta 200 FEG scanning electron microscope with the spot size set to 2.0 and voltage set
to 15.00kV.
2.27 Quantification of Neuromast Hair Cells
Images from scanning electron microscopy (SEM) were loaded into Fiji and the segmented line tool
was used to draw along the hair cells in each neuromast. The number of hair cells per neuromast
and their length was collected using the measure command from 3 fish per genotype/condition.
2.28 Immune Cell Analysis
Confocal image stacks were taken through the entire lower jaw of fish stained for L-plastin,
using the same imaging parameters for each fish. The images were then loaded into Fiji and the
number of immune cells in the region and their spatial relationship to the jaw was quantified
using the modular image analysis (MIA) modular workflow plugin (v0.9.30) for Fiji (Cross, 2019).
This plugin was designed by Stephen Cross (Wolfson Bioimaging Facility, University of Bristol)
and figure legends acknowledge this where applicable. All versions of the MIA plugin for Fiji
designed by Stephen Cross used in this thesis are available to download from his Github page
(Cross, 2016).
The plugin detects immune cells by convolving the relevant fluorescence channel with a 3D
Gaussian filter (σ = 1px) and binarizing it using the Otsu method (Otsu, 1979). The applied
threshold for binarization was set to 0.8x, which was the calculated value to correct for slight
under-segmentation. Immune cells were identified as contiguous regions of foreground-labelled
pixels (Legland et al., 2016) and these objects were subjected to a size filter, with those larger
than 50 µm3 retained for further analysis. To identify the jaw cartilage, the relevant fluorescence
channel was also convolved with a 3D Gaussian filter (σ = 1px) and the jaw was manually
segmented in a few image stacks using the freehand selection tool in Fiji. These selections were
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then interpolated to generate selections for the remaining slices. This gave the volume of the
complete, segmented jaw region in addition to the distance of each immune cell to the nearest
part of the jaw surface.
2.29 Acquisition and analysis of microCT scans
Age matched adult fish were culled with MS222 overdose at 1 and 1.5 years old and a small
cut made on the underside of the fish before fixation in 4% PFA for one week. Following this,
samples were dehydrated sequentially to 70% EtOH. The whole fish was scanned using an XT H
225ST micro-computed tomography (CT) scanner [Nikon] with a voxel size of 21 µm, X-ray source
of 130 kV, 150 µA and without additional filters. Images were reconstructed using CT Pro 3D
software [Nikon] and maximum image projections were generated in Fiji by manually aligning
the scans and performing x, y and z projections. MicroCT scanning was performed by Erika Kague
(Hammond Lab, School of PPN, University of Bristol) and maximum projections were generated
by Abdelwahab Kawafi (Hammond Lab, School of PPN, University of Bristol), figure legends
acknowledge these contributions where appropriate. The reconstructed scans were loaded into
Fiji and the number of vertebral misalignments and fusions visible were counted manually. Both
the lateral and ventral views were used to confirm the presence of these abnormalities and the
presence or absence of spinal curvature was recorded for each fish.
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2.30 Larval Swim Behaviour
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Figure 2.9: Setup for recording larval swim behaviour
Administration of analgesics and swim behaviour recording was adapted from (Lopez-Luna
et al., 2017a). To record larval behaviour, 10cm petri dishes containing 40 larvae and 50ml of
Danieau’s were placed in a lit box with Campark 4K waterproof action cameras (Figure 2.9).
Videos with a duration of 5 minutes were taken: before administration of analgesic (2.5mg l−1
aspirin, 400µ ibuprofen, 2.5mg l−1 lidocaine, or 5mg l−1 lidocaine in Danieau’s), after a 30-minute
treatment with analgesic at 28°C, and immediately following the introduction of 0.01% acetic
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Figure 2.10: Assessment of analgesic efficacy in zebrafish larvae
2.30.2 Larval Swim Behaviour Analysis
Swim behaviour from larval videos described in Section 2.30 was characterized using the MIA
modular workflow plugin (v0.7.13) for Fiji (Cross, 2018). Before the fish were detected, images
were intensity inverted and pre-processed to remove background features that were present in
all frames, such as reflections and immobile fish. Background subtraction used a rolling ball filter
(σ = 100px) and subsequent removal of a minimum intensity projection image. The image was
then Gaussian filtered (σ = 5px) to remove noise and binarized using the Otsu method (Otsu,
1979) with the applied threshold set at twice the calculated value.
Fish were identified in each frame as contiguous regions of foreground-labelled pixels following
binarization. Instances of proximal fish being merged into a single object were resolved using a
distance-based watershed transform (Legland et al., 2016). Detected objects were subject to a
high-pass area filter, which removed cases of noise in the image being spuriously identified as fish.
Detected fish in each frame were tracked between frames using the Munkres algorithm (Munkres,
1957) with a maximum linking distance of 100 px and additional weighting to minimize area
change. Tracks with fish featuring in fewer than 10 frames were removed from further analysis.
Finally, the instantaneous speed of each fish was measured. This plugin was designed by Stephen
Cross (Wolfson Bioimaging Facility, University of Bristol) and figure legends acknowledge him
where applicable.
2.31 Adult Swim Behaviour
2.31.1 Behaviour Recording of Adult Zebrafish
Swim behaviour was recorded in 8l tanks [Tecniplast] with the outside lined with white paper to
block any visual stimuli from background objects or people walking past the tank. After being
removed from the main tank and placed in the 8l recording tank, fish were left to acclimatise to
the new environment for 5 minutes before recording commenced. This length of acclimatisation
was chosen after preliminary observations which concluded fish behaviour reliably returned to
‘normal’ by this time i.e. the short burst swimming shown when the fish was first released from
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the net into the tank had ceased. Videos were taken from a top-down and side-on perspective
(these videos were not taken in unison). For the top-down recordings, the camera was positioned
on a stand above the tank and the height adjusted to ensure the whole tank was in frame whilst
minimising the amount of background visible. When capturing side on videos, the stand and
camera were positioned alongside the tank, with the distance between the tank and the camera
kept consistent and the whole tank visible in frame. Following acclimatisation, fish were recorded
for 2.5 minutes from each perspective using an iPhone X camera
2.31.2 Behaviour Recording for Adult Analgesic Experiments
Adult zebrafish of key ages were placed in individual genotyping tanks containing 5mg l−1
lidocaine dissolved in water taken from the Tecniplast zebrafish system. Prior to fish immersion,
lidocaine powder was dissolved in system water in a sterile glass bottle on a stirrer and the
solution was checked visually to ensure the drug had completely dissolved. Fish were left in this
solution for 30 minutes before being placed in an 8l tank containing system water and allowed
to acclimatise for 5 minutes before behaviour was recorded (Section 2.31.1). Fish were observed
closely during their immersion in analgesic to check for signs of distress.
2.31.3 Adult Swim Behaviour analysis
Qualitative analysis of adult swim behaviour
General behaviours of adult fish recorded from top-down and side-on perspectives (Section
2.31.1) were analysed qualitatively to assess three distinct behaviours: time spent in the bottom
third of the tank, time spent in ‘open water’ and time spent at a standstill. Amount of time spent
in the bottom third of the tank was assessed from side on videos, with a stopwatch used to
measure the amount of time the fish spent in this section of the tank. The stopwatch method was
used to analyse time in ‘open water’ from top-down views, with areas of open water being classed
as any part of the tank more than one fish length away from the edge. The amount of time the
fish spent at a standstill, defined as any time the fish came to a complete rest and showed no
signs of active swimming i.e. tail or fin movements, was also recorded from top-down videos
using a stopwatch. The whole recording was analysed for each fish and the time spent exhibiting
each behaviour was converted to a percentage of the recording length.
Automated analysis of adult swim behaviour
The movement of adult fish from top-down videos recorded according to Section 2.31.1 was
quantified using the Modular Image Analysis plugin (v0.5.17) (Cross, 2018) for Fiji. First, the Fiji
Color Deconvolution plugin (Ruifrok and Johnston, 2001) was used to convert the videos to
greyscale files and enhance the contrast of the fish from image background. Following this, the
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image was further enhanced by subtracting the median time-projection image from all frames of
the video. The resulting image was binarised using the intermodes threshold (Prewitt and
Mendelsohn, 1966) and median-filtered. Objects identified through this process were then
filtered by size to remove noise incorrectly detected as fish. Individual fish were tracked between
frames using the Apache HBase implementation of the Munkres algorithm, with linking costs
based on centroid separation (Munkres, 1957). Tracks which were present for less than 50
frames were excluded to remove false tracks and instantaneous (frame-to-frame) speed was
calculated from the remaining tracks.
Curvature of the fish was also calculated using the binarised image, with binarised objects
skeletonised and a spline curve fitted along this backbone using the Apache Math3 library
(Cleveland, 1979), This spline curve allowed local curvature to be measured along the length of
the background. For each video, 500 frames were analysed (due to processing power restrictions).
Mean speed and curvature values represent the average of the values recorded across the video
and maximum range of movement was calculated by subtracting the minimum curvature from
the maximum curvature for each fish.
2.32 Measurement of Jaw Movement and Joint Displacement
Larvae were anaesthetised in 0.1mg/ml MS222, observed until they lost consciousness and
mounted laterally in 1% LMP agarose. The agarose surrounding the head was removed using a
pulled glass capillary tube and fresh Danieau’s solution was gently flushed over the head until
the fish regained consciousness.
High-speed movies were then recorded using an Olympus IX73 microscope (10x lens) and
the Micro-Manager 1.4.16 plugin for Fiji (Edelstein et al., 2014). For each fish, 1000 frames
were captured at an interval of 1ms. To analyse number of movements, videos were loaded into
Fiji and movements at the jaw and buccal joint measured manually. To analyse the maximum
displacement at these sites, frames corresponding to maximum displacements were selected and
the difference between resting and open states measured using the line tool.
2.33 Statistical Tests
All statistical analyses were performed in GraphPad [Prism, version 7.0e or 8.4.3] and the
null hypothesis was rejected at a p-value of 0.05 or lower. For all datasets, D’Agostino and
Pearson tests for normality were performed followed by the appropriate statistical test. Details of











MUTATION OF col11a2 CAUSES A STICKLER SYNDROME-LIKE
PHENOTYPE IN ZEBRAFISH
A number of the results presented in this chapter have been published in (Lawrence et al.,2018). All figure panels from this publication have been adapted for this thesis and figurelegends acknowledge this where appropriate. I was first author of this paper and was
responsible for performing the majority of the experiments and data analysis (unless otherwise
stated in the figure legend). Briefly, I performed the immunostaining, histological staining of
larvae, in situ hybridisation, dissection and sample preparation for AFM, imaging of live and fixed
samples, and the image analysis resulting from these images. AFM, and the resulting calculation
of the Young’s modulus, was performed by Rob Harniman (School of Chemistry, University of
Bristol) on samples which I stained, dissected and mounted. Finite element models were made
and probed for strain values by Jessye Aggleton (Department of Orthopaedic surgery, UCSF
formerly School of Archaeology and Anthropology, University of Bristol) using confocal images of
the lower jaw which I collected and material property values collected by Rob Harniman. Where I
have included images or data generated by someone else, this is highlighted in the figure legend.
The role of colleagues in specific techniques is also outlined in the relevant methods sections
(Chapter 2). Along with data collection and analysis, I was also responsible for generating all
figures, writing and editing the manuscript in full, and responding to reviewers comments.
3.1 Introduction
Human synovial joints consist of a fibrous connective tissue (the articular capsule) lined with a
synovial membrane which forms a capsule to connect the end of two bones e.g. the femur and tibia
in the knee. This capsule is filled with synovial fluid produced by the synovial membrane and the
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ends of the bones are capped with articular cartilage which acts to absorb impact and lubricate
the joint. The major constituent of articular cartilage is collagen, accounting for approximately
75% of its dry weight (Weiss et al., 1968). Of this network, Type II collagen is the most abundant
accounting for over 90% of collagen in cartilage with the remaining 5-10% comprised of minor
collagens such as Type IX and XI. These minor collagens interact with Type II collagen fibrils to
regulate fibril spacing and nucleation, thus stabilising the cartilage ECM (Vaughan et al., 1988;
Mendler, Eich-Bender, Vaughan, Winterhalter and Bruckner, 1989; Luo and Karsdal, 2016).
Loss of Type II, IX and XI collagens from the cartilage ECM is associated with cartilage
destabilisation and an array of musculoskeletal abnormalities, such as those seen in Stickler
syndrome and Fibrochondrogenesis (Couchouron and Masson, 2011; Tompson et al., 2012).
Stickler syndrome affects 1 in 7500 newborns and is split into to three distinct subtypes according
to which collagen mutation is present. In this chapter I focus on mutations to the Type XI collagen
gene COL11A2 which encodes one of the three α-chains which make up this collagen (Eyre, 1991;
Hafez et al., 2015). Mutations in this gene are associated with Type III Stickler syndrome
(Vikkula et al., 1995; Sivakamasundari et al., 2017). Patients with Type III Stickler syndrome
present with skeletal, orofacial, and auditory abnormalities including: scoliosis; hearing loss;
cleft palate; joint hypermobility (Acke et al., 2014); and hereditary multiple exostoses (HMEs)
(Sirko-Osadsa et al., 1998). It has also been recorded that 75% of patients with Type III Stickler
syndrome have severe premature OA before the age of 30 (Couchouron and Masson, 2011).
Existing models for Stickler syndrome and other Type XI collagenopathies include the Col11a1
mutant (Cho) mouse, with most studies being performed in Cho+/- animals due to the neonatal
lethality observed in Cho-/- mice (Seegmiller et al., 1971). Mutation of Col11a1 in mice results
in a number of characteristics akin to Stickler syndrome in humans including: cleft palate and
shorter snouts, along with shorter limb bones (Seegmiller et al., 1971). The cartilage ECM
in these mice was also found to consist of thicker collagen fibrils in a less organised network
(Fernandes et al., 2007) with higher rates of Type II collagen degradation and early onset OA
also reported (Rodriguez et al., 2004; Xu et al., 2003). Mice with a targeted disruption in the
Col11a2 gene have been shown to have hearing loss and inner ear defects (McGuirt et al., 1999)
but the musculoskeletal phenotype has not been published to date. The zebrafish model offers an
exciting tool to advance studies into how specific genetic mutations affect skeletal development
and give rise to diseases such as Stickler syndrome and OA for a number of reasons. Namely,
they have high genetic tractability and translucent larvae which, twinned with the plethora
of fluorescent reporter transgenic lines available and advances in imaging equipment, enables
dynamic imaging of skeletal cells at a high resolution (Hammond and Moro, 2012; Witten et al.,
2017). Zebrafish have synovial jaw joints (Askary et al., 2016) which require mechanical input to
form normally (Brunt, Skinner, Roddy, Araujo, Rayfield and Hammond, 2016; Brunt et al., 2015),
meaning comparisons can be drawn with human joints. Given that zebrafish develop externally,
they also provide the opportunity to follow developmental processes without the need to sacrifice
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the mother. Previously, col11a1 has been knocked down in zebrafish using morpholino injection
and the resulting morphants were shown to have an abnormal cartilage phenotype (Baas et al.,
2009).
In this chapter, I show that larval zebrafish with a stable col11a2 mutation display a variety
of phenotypes including alterations to joint shape, cartilage composition, cell organisation and
cartilage material properties during development. These changes resemble many of the
phenotypes seen in Type III Stickler syndrome and OA, giving an insight into the changes
occurring at a cellular level during the early stages of these diseases.
3.2 Details of the col11a2sa18324 line
The col11a2sa18324 line was generated as part of the Zebrafish Mutation Project at the Wellcome
Sanger Institute (Kettleborough et al., 2013) and obtained by the Hammond Lab from the
European Zebrafish Resource Center (EZRC). The line was made through N-ethyl-N-nitrosourea
(ENU) mutagenesis and carries a C>A base pair change at position 228, zv9 chr19: 7834334
(Lawrence et al., 2018). This non-sense mutation introduces a premature stop codon in the triple
helical domain of col11a2.
3.3 Expression of col11a2 in zebrafish
3.3.1 col11a2 is expressed in the lower jaw and ear of zebrafish larvae
To assess the expression pattern of col11a2 in the cartilage of zebrafish, in situ hybridisation
was performed on wild type (wt) larvae at 3 dpf. At this age, strong expression could be seen in
craniofacial cartilage structures, including the Meckel’s cartilage, palatoquadrate, ceratohyal,
branchial arches and ethmoid plate (Figure 3.1 A). Expression of col11a2 was also apparent in
the otic capsule of the ear at 3 dpf (Figure 3.1 A). In situ hybridization was also performed in
col11a2 homozygous mutants at 3 dpf to assess whether expression was altered by the mutation.
col11a2sa18324 mutant zebrafish have a C>A base pair change which causes a non-sense mutation
and introduces a premature stop codon at amino acid 228 of 1877. At 3 dpf, a surprisingly
dramatic reduction in staining intensity was seen in all craniofacial and ear cartilages (Figure 3.2
A) suggestive of nonsense-mediated decay as a result of a null mutation in these fish (El-Brolosy
et al., 2019).
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Figure 3.1: col11a2, col2a1a and col9a1b are expressed in the zebrafish lower jaw.
(A – A”’) Ventral and lateral views of wild type zebrafish at 3dpf. (A) In situ hybridisation for
col11a2 shows expression in the ethmoid plate (EP), otic capsule (OC) and hyosymplectic (HS)
when observed laterally, and the Meckel’s cartilage (MC), palatoquadrate (PQ), ceratohyal (C)
and branchial arches (BA) from both ventral and lateral observation. (A’) col2a1 expression at
3dpf, visualized in Tg(col2a1a:mCherry) zebrafish. (A”) col9a1b expression at 3dpf, visualised
in Tg(col9a1b:GFP) zebrafish. In addition to the MC, PQ, and C, expression was seen in the
operculum (OP) and cleithrum (CL). (A”’) Immunostaining for Type II collagen indicates protein
deposition in similar domains to col11a2 expression at 3dpf. White asterisks = joint region. Scale
bar = 100 µm.
3.3.2 col11a2 expression overlaps with col2a1 and col9a1
Type XI collagen is a fibril-forming collagen. It is formed as a heterotrimer of three chains encoded
by the genes: COL11A1 (Burgeson and Hollister, 1979), COL11A2, and COL2A1 (Eyre, 1991;
Hafez et al., 2015). Given the close link between Type XI collagen and Type II and Type IX
collagen (Figure 1.2), the expression of the col2a1a and col9a1b genes was also studied at 3 dpf.
To visualize expression of the Type II collagen gene (and Type XI collagen component) col2a1a,
Tg(col2a1aBAC:mCherry) reporter zebrafish were imaged ventrally and laterally. From these
images it was apparent that the expression patterns of col11a2 and col2a1a largely overlapped,
with the main difference in expression seen at the jaw joint where col11a2 labelling was more
extensive (Figure 3.1 A, A’). In 3 dpf col11a2-/- mutants, col2a1a expression was unchanged in
the craniofacial cartilages compared to wild types of the same age (Figure 3.2 A’). The expression
of col9a1b was visualised in Tg(col9a1b:eGFP) reporter zebrafish both ventrally and laterally.
This showed that although col9a1b expression is most pronounced in the bones of the lower jaw,
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it is also expressed in chondrocytes, including in areas where col2a1b and col11a2 are expressed;
namely the Meckel’s cartilage, palatoquadrate and ceratohyal (Figure 3.1 A”). In addition, the
lower jaw ligaments, operculum and cleithrum all showed col9a1b expression at 3 dpf (Figure 3.1
A”).
Expression of col11a2 and col2a1a genes preceded that of mature Type II collagen protein in
the jaw cartilage, with immunostaining showing a lack of protein in immature chondrocytes at
the jaw joint and Meckel’s symphysis in both wild type and col11a2-/- mutants (Figure 3.1 A”’,
3.2 A”). These regions show clear col11a2 and col2a1a expression at the same age, suggesting that
these genes have a role in mature Type II collagen deposition. The fact that col9a1b expression is
only seen in more mature areas of cartilage at 3 dpf indicates that it is more important for Type





















Figure 3.2: col11a2 expression is reduced in col11a2sa18324 homozygous mutants
(A – A”) Ventral and lateral views of col11a2sa18324 homozygous mutant (col11a2-/-) zebrafish
at 3dpf. (A) In situ hybridisation for col11a2 shows less expression in the lower jaw cartilage
compared to 3.1 (A’) col2a1 expression at 3dpf, visualized in Tg(col2a1a:mCherry) zebrafish
crossed into the col11a2sa18324 mutant line. (A”) Immunostaining for Type II collagen indicates
protein deposition in similar domains to col11a2 expression and wild Type distribution at 3dpf.
White asterisks = joint region. Scale bar = 100 µm.
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3.4 Effect of the col11a2 mutation on general development of
zebrafish
To explore whether mutation of col11a2 had an effect on larval development, the length of the
larvae was measured post-fixation (Figure 3.3 A) as this has been shown to be a good measure of
maturation (Singleman and Holtzman, 2014) to ensure that the overall developmental of wild
type and col11a2 homozygous mutants was similar at the ages we were studying. No significant
change in larval length could be detected at 3 or 5 dpf (Figure 3.3 A’) suggesting that during
early development, col11a2-/- mutant fish mature at a similar rate to wt fish. At 7 dpf, col11a2-/-
mutant fish were significantly shorter than wild type fish of the same age, suggesting that from
5 dpf their growth was affected by the mutation. Although quantification of length revealed a
difference between wild types and homozygous mutants, other developmental markers were
unchanged and the col11a2-/- mutant larvae were visually similar to wild types suggesting that
the impact on overall development is minimal. This is also supported by the fact that col11a2
homozygous mutants survive to adulthood at a similar rate to wild types and are able to breed
effectively from 3 months of age.
As well as overall larval length, inflation of the swim bladder was used as a readout of general
larval health and maturation. The swim bladder is a gas-filled chamber which is important in
zebrafish buoyancy and is essential for survival of larval zebrafish (Evans et al., 2013). The
volume of the swim bladder was calculated from 2 measurements (Figure 3.3 B) with the results
indicating that the col11a2 mutation caused no change to swim bladder volume (Figure 3.3
B’). From this we can conclude that zebrafish with the col11a2 mutation have no swim bladder
inflation defects which could affect their survival, behaviour and further development.
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5 dpf 7 dpf
Larval length Swim bladder volume
Figure 3.3: Mutation of col11a2 has no significant impact on larval maturation up to 7 dpf.
(A) Schematic depicting location of larval length measurement taken (red line = measurement).
(A’) Length of wt and col11a2-/- mutant larvae at 3, 5 and 7 dpf (n = 7 for all). (B) Schematic
depicting location of measurements used to calculate swim bladder volume (red and blue lines =
measurements). (B’) Swim bladder volume of wt and col11a2-/- mutant larvae at 5 and 7 dpf
(n = 7 for all). Data are mean with SEM. Shapiro-Wilk test for normality followed by Kruskal-
Wallis test with multiple comparisons performed in A’ and B’. ∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤
0.001,∗∗∗∗ p ≤ 0.0001.
3.5 Effect of the col11a2 mutation on the craniofacial skeleton
of developing zebrafish
3.5.1 Zebrafish with a col11a2 mutation show abnormal Type II collagen
distribution through development
As expression of col11a2 was seen to overlap that of col2a1 (Figure 3.1), the impact of col11a2 loss
on col2a1 expression in craniofacial cartilages after 3 dpf was studied. To do this, col11a2sa18324
homozygous mutant zebrafish were crossed into the Tg(col2a1a:mCherry) line. At 3, 5 and 7dpf,
no change in the timing, position or extent of col2a1a expression was seen between homozygous
mutants and their siblings (Figure 3.2 A and 3.4 A’), suggesting that col11a2 loss has no impact
on the expression of col2a1a in the developing craniofacial cartilages.
Given col11a2 expression was seen to precede that of mature Type II collagen protein, and
that Type XI collagen has been reported in the core of Type II collagen fibrils (Mendler, Eich-
Bender, Vaughan, Wintehalter and Bruckner, 1989) to enhance collagen stability (Blaschke et al.,
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2000), the impact of col11a2 loss on Type II collagen protein during development was tested.
To do this, immunostaining was performed to detect Type II collagen protein in wild type and
homozygous mutant larvae. At 3 dpf, no differences could be detected in the protein between
wt and homozygous mutant larvae (Figure 3.2 A” and 3.5), but at 5 dpf clear changes in the
distribution of Type II collagen could be seen (white arrows in Figure 3.5). In wt fish, Type II
collagen was clearly present in the ECM surrounding each chondrocyte in the lower jaw cartilages:
whereas in col11a2-/- mutant larvae; protein expression was reduced between chondrocytes
in more mature areas of matrix (the middle of the cartilage elements) and concentrated in the
perichondrium (dashed insets Figure 3.5). Alongside these changes to Type II collagen distribution
within the cartilage elements, ectopic Type II collagen protein expression could be seen in small
pieces of immunostained material outside of the main cartilage elements (red asterisks Figure
3.5 B) and in the interopercularmandibular (IOM) ligament (red arrow in Figure 3.5 B). As the
largest change to Type II collagen distribution was seen between 3 and 5 dpf, immunostaining
was performed at 4 dpf to gain a better understanding of the time-frame of Type II collagen
protein disruption (Figure 3.6). At this age, a reduction in Type II collagen protein could be
observed in the lower jaw of col11a2-/- mutants, particularly between more mature chondrocytes.
However, this change in staining was not as dramatic in col11a2-/- mutants at 4 dpf compared to
at 5 and 7 dpf (Figure 3.6), suggesting that perturbation of Type II collagen in the ECM starts at
4 dpf and becomes more severe as the larvae develop.
Changes to cartilage element morphology also became apparent at 5 dpf, with col11a2-/-
mutant larvae displaying less defined cartilage elements which were thicker and shorter in shape.
By 7 dpf, these morphological changes were maintained and the reduction and disorganization of
Type II collagen became more obvious in the cartilages that make up the lower jaw. At both 5
and 7 dpf, Type II collagen protein in the lateral ear cartilage was more preserved (Figure 3.5).
Taken together, this suggests that loss of col11a2 has no effect on the expression and synthesis of
col2a1a, but that maintenance of Type II collagen protein is hindered in zebrafish carrying the
col11a2 mutation.
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Figure 3.4: Expression of col2a1a in craniofacial cartilages is unaffected by the col11a2sa18324
mutation
(A, B) Ventral and lateral views of wild type (A) and col11a2-/- mutant (B) zebrafish with the
Tg(col2a1a:mCherry) reporter. MC = Meckel’s cartilage, PQ = palatoquadrate, C = ceratohyal,
HS = hyosymplectic, OC = otic capsule, BA = branchial arches.Images taken using 10x objective,
scale bar = 100 µm. Figure adapted from (Lawrence et al., 2018).
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Figure 3.5: col11a2-/- zebrafish mutant larvae show altered Type II collagen protein localisation
in jaw cartilage from 5dpf.
(A, B) Maximum projection of ventral and lateral confocal image stacks from wild type (A)
and col11a2-/- mutant (B) larvae immunostained for Type II collagen at 3, 5 and 7 dpf. White
arrows indicate areas of change in Type II collagen distribution in the ECM. Dashed insets show
single-stack images of cartilage elements to highlight reduced Type II collagen. White asterisks
= areas of collagen maintenance in mutant fish, red asterisks = fragments of Type II collagen-
positive material outside the main cartilage elements, red arrows = interoperculomandibular
(IOM) ligament. Images taken using 10x objective, scale bar = 100 µm. Figure adapted from
(Lawrence et al., 2018).
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Figure 3.6: Type II collagen loss begins at 4 dpf in col11a2-/- mutant zebrafish.
Maximum projections of ventral confocal image stacks from wild type and col11a2-/- larvae
immunostained for Type II collagen at 4dpf. White arrows indicate areas of change in Type
II collagen distribution in the ECM, white asterisks show areas of collagen maintenance in
mutants. Dashed insets show single-stack images of cartilage elements to highlight reduced Type
II collagen. Scale bar = 100uµm.
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3.5.2 Mutation of col11a2 results in altered jaw and joint morphology during
development
Humans with mutations in Type XI collagen present with alterations to craniofacial shape,
including midface hypoplasia and micrognathia (Robin et al., 1993; Hunt and Vujani, 1998). From
Type II collagen immunostaining and alcian blue and alizarin red staining, it was apparent
that col11a2-/- mutant zebrafish also display altered craniofacial morphology (Figures 3.7 A-C).
There was no significant difference in jaw morphology at 3 dpf, but at 5 and 7 dpf, mutants had
significantly shorter, wider jaws in comparison to wt fish of the same age. This aligns with the
broader, flatter face shape observed in Stickler syndrome patients.
As well as craniofacial abnormalities, humans with Type XI collagen mutations also display
abnormal joint shape (Randrianaivo et al., 2002) and increased susceptibility to OA (Couchouron
and Masson, 2011). To measure whether the same changes were seen in the synovial jaw joint
of col11a2 zebrafish, 3D surface renders were generated from confocal image stacks of wt and
homozygous mutant fish at 3, 5 and 7 dpf (Figure 3.7 E). At 3 dpf, no significant changes to joint
morphology were measured; however, at 5 and 7 dpf col11a2-/- mutants showed enlarged skeletal
rudiment terminal regions, namely a widening of the neck and head region of the Meckel’s
cartilage adjacent to the joint (Figure 3.7 F, G). A reduction in the joint space (Figure 3.7 H), such
that the interzone is no longer clearly defined and the terminal portions of the Meckel’s cartilage
and palatoquadrate are in contact, was also observed. This loss of joint space could occur as a
result of numerous factors, including: increased local deposition of Type II collagen (Figure 3.5);
increased cell proliferation in some areas of the lower jaw; or altered joint patterning as a result
of abnormal joint movement.
These results show that col11a2-/- zebrafish mutants have an abnormal pattern of Type II
collagen deposition and altered lower jaw and joint shape at 5 and 7 dpf, which coincides with
cell proliferation and migration events, and the establishment of regular movement in the jaw
joint. The morphological changes observed in the lower jaw region of col11a2-/- zebrafish larvae
are reminiscent of the craniofacial phenotype seen in Stickler syndrome patients.
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Figure 3.7: col11a2-/- mutant zebrafish show altered lower jaw and joint morphology in
development.
(A) Schematic of zebrafish lower jaw indicating location of width (red line) and length (blue line)
measurements recorded from confocal image stacks such as those shown in Figure 3.5. (B, C)
Quantification of lower jaw width (B) and length (C) (n = 3 for all). (D) Schematic of jaw joint
with measurements shown by red lines (a = Meckel’s cartilage neck, b = Meckel’s cartilage head, c
= joint space). (E) 3D surface renders of jaw joint from confocal images of wild type and col11a2-/-
mutants at 3, 5 and 7 dpf, red arrowheads = areas of change. (F-H) Quantification of jaw joint
morphology at the Meckel’s cartilage neck (F), Meckel’s cartilage head (G) and joint space (H) (n
= 3 for all). Student’s unpaired t-tests performed in B, C, F, G and H: data are mean with SEM.
∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001. Figure adapted from (Lawrence et al.,
2018).
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3.5.3 Abnormal joint morphology in col11a2-/- mutants is not caused by
excessive cell proliferation
As the lower jaw cartilage elements were found to be larger in col11a2 -/- larvae than in wild
types of the same stage (Figure 3.7), cell proliferation was studied between 4 and 5 dpf using
an EdU assay. This age range was chosen as it marks the onset of the most drastic changes
in lower jaw morphology (Figure 3.5, 3.6). The EdU assay marks cells which have undergone
division as EdU is incorporated into the cell’s DNA during synthesis in place of thymidine. This
thymidine analog can then be detected by incubation in a fluorescent azide which covalently
bonds to the EdU. Following incubation of wild type and col11a2-/- larvae in EdU for 16 hours,
chondrocytes which had undergone cell division could be clearly visualised (Figure 3.8 A’, A”).
Most proliferation was seen at the jaw joint (red asterisk in Figure 3.8 A’, A”) and in the middle
of the Meckel’s cartilage (red arrows in Figure 3.8 A’, A”). From the confocal images the number
of cells proliferating, and their location appeared unchanged between wild type and col11a2-/-
mutant zebrafish. This was confirmed by quantification of the total number of cells marked with
EdU in the lower jaw (Figure 3.8 B) and the distribution of proliferating cells across the cartilage
elements of the lower jaw (Figure 3.8 C, D, E). This data suggests that the changes seen in
lower jaw morphology in col11a2-/- mutants is not caused by excessive cell proliferation during
development and is more likely due to changes to chondrocyte morphology or a disrupted pattern
of movement.
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Figure 3.8: Changes to jaw morphology in col11a2-/- mutant zebrafish larvae are not caused by
changes in cell proliferation. Figure legend on next page.
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Figure 3.8: ((A’, A”) Maximum projections of confocal image stacks from wild type (A’) and
col11a2-/- mutant (A”) zebrafish at 5 dpf, following EdU treatment. Merged image shows all cell
nuclei in blue (Hoechst) and nuclei which have undergone division during the EdU incubation
in white (EdU). Red arrowheads show examples of cells in the cartilage marked with EdU, red
asterisks show the location of the jaw joint. Scale bar = 100 µm. (B – E) Quantification of EdU
positive cells in the whole lower jaw cartilage (B), Meckel’s cartilage (C), palatoquadrate (D) and
ceratohyal (E). Student’s unpaired t-tests performed in B, C, D and E: data are mean with SEM.
∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001.
3.5.4 Larval zebrafish with a col11a2 mutation show disturbed jaw function
Given the changes seen to jaw and joint morphology in col11a2-/- mutant larvae, and the fact that
patients (particularly children) with Stickler syndrome suffer from joint hypermobility (Stickler
et. al., 1965), lower jaw function was assessed in 5 dpf fish. This age was chosen for analysis as jaw
joint movement is initiated from 3dpf, becoming frequent and established by 5 dpf (Brunt, 2015).
Jaw movement was recorded in larvae mounted ventrally and immobilised by agarose around the
trunk region. Movements were quantified at two points in the lower jaw to distinguish between
feeding movements at the mouth and breathing movements of the buccal cavity (Hernandez
et. al., 2002). This revealed that col11a2-/- mutant zebrafish make significantly fewer total
movements than wild type fish (Fig 3.9 B) as a result of fewer mouth movements (location
of mouth movement measurement shown by red line in Figure 3.9 A). The number of buccal
movements was unchanged between mutant and wild type fish (location of buccal movement
measurement shown by blue line in Figure 3.9 A). The reduced number of jaw movements in
col11a2-/- zebrafish larvae could go someway to explaining the morphological changes shown
in Figure 3.7 as regular movement is known to be important for normal joint formation. Loss of
interzone space similar to that observed in col11a2-/- mutants, cellular disorganisation amongst
chondrocytes in the articular cartilage and failure to commence joint cavitation observed following
immobility during development (Rolfe et al., 2018, 2021).
Alongside frequency of jaw movement, the maximum range of jaw movement was quantified
revealing that the buccal joint in col11a2 homozygous mutants had a significantly increased
range of movement when compared to wild type fish (Figure 3.9 C). The observed increase in
movement range for mutant zebrafish was caused by a ‘dislocation’ of the buccal joint in which
the joint can be seen to slip, causing a distended jaw shape (Figure 3.9 A).
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Figure 3.9: Abnormal joint movement is seen in col11a2-/- mutant zebrafish at 5 dpf.
(A) Lateral view stills from high-speed movies of 5 dpf wt and col11a2-/-larvae, showing the
maximum jaw movement observed in these fish. (B, C) Quantification of total jaw movements
(B) and maximum range of jaw movements (C) observed at two jaw locations marked in (A): red
line = mouth, blue line = buccal joint (n = 7 for all). Student’s unpaired t-tests performed for B
and C, data are mean with SEM. ∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001. Figure
adapted from Lawrence et. al., 2018.
3.5.5 Abnormal larval jaw movement seen in col11a2-/- mutants is not
caused by altered craniofacial musculature
Following the observation of altered jaw movement in col11a2-/- mutants, the craniofacial
musculature was examined to determine the role of muscle patterning in joint hyperextension.
No changes to muscle fibre length, width or number were observed between wild type and mutant
fish at 5 or 7 dpf (Figure 3.10 A-G). The force generated by each craniofacial muscle group was
predicted by calculating the cross-sectional area of each muscle and multiplying this value by
40nN/um2 (the maximal force generated per unit area for larval zebrafish skeletal muscles as
stated in Iorga et.al. 2011). Predicted muscle force was unchanged at both ages in wild type
and mutant fish (Figure 3.10 H and I), suggesting the abnormal joint shape seen in col11a2-/-
mutants is responsible for aberrant joint movement as opposed to radically different muscle
architecture in the region.
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Figure 3.10: Mutation of col11a2 does not affect craniofacial muscle architecture or predicted
force.
((A’, A”) Maximum projection of ventral confocal image stacks from wild type and col11a2
-/- fish immunostained for A4.1025 (all myosin isoforms) at 5 dpf (A’) and 7 dpf (A”). IA
= Intermandibularis anterior, IP = Intermandibularis posterior, IH = Interhyoideus, H =
Hyohyoideus inferior. Red line = outline of lower jaw cartilages from DAPI channel for orientation.
Scale bar = 100µm. (B-I) Quantification of muscle fibre length (B, C), muscle width (D, E),
muscle fibre number (F, G), and muscle force (H, I) at 5 and 7 dpf (n = 6 for all, apart from H
where n = 5. 2 values per fish are presented for the IP, IH and H muscles in B - G as there are
2 of each muscle). (H) Table of muscle forces calculated for wild type and col11a2-/- fish at 5
dpf. Student’s unpaired t-tests performed within muscles for B - I, data are mean with SEM.
∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001.
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3.5.6 Chondrocyte behaviour in larval zebrafish is impacted by the col11a2
mutation
Following the observation that col11a2 homozygous mutant zebrafish have significantly different
craniofacial morphologies and movement patterns, confocal imaging of the Tg(col2a1a:mCherry)
line was performed to determine whether changes to chondrocyte behaviour was responsible. In
wt larvae, all col2a1a expressing chondrocytes were seen within the cartilage element boundaries.
In contrast, chondrocytes protruding from the main cartilage element were frequently observed
in heterozygous and homozygous mutant larvae of the same age (Figure 3.11 A, B). These
‘spurs’, which resemble the multiple hereditary exostoses seen in Stickler syndrome patients
(Clément et al., 2008; Sirko-Osadsa et al., 1998), are not observed prior to 5 dpf (Figure 3.11 B).
Heterozygous mutants are analysed in Figure 3.11 B as the larvae imaged were from a cross of
col11a2sa18324 heterozygous mutants and Tg(col2a1a:mCherry;col11a2) heterozygous mutants
meaning that transgenic wild type, col11a2 heterozygous and col11a2 homozygous mutants were
present in the progeny. As genotyping took place after the fish were imaged live, some images
were collected of heterozygous mutants. No significant difference was seen between the total
number of exostoses in the lower jaw of heterozygous and homozygous mutants so heterozygous
mutants were excluded from Figure 3.11 C and D for clarity. In 5 and 7 dpf homozygous col11a2
mutants, these ‘exostoses’ are present in the Meckel’s cartilage and ceratohyal (Figure 3.11 C),
suggesting a failure of chondrocyte progenitor cell intercalation into the cartilage element.
From these images, differences to chondrocyte morphology in the lower jaw elements of
col11a2 -/- fish were also detected from 5 dpf. This was quantified by measuring the chondrocyte
circularity in multiple areas across the lower jaw cartilage. Chondrocyte circularity can be used
as a measure of maturation, as zebrafish chondrocytes mature towards hypertrophy, they become
elongated to form tightly packed stacks similar in organisation to the mammalian cartilage
growth plate. At 5 and 7 dpf, homozygous col11a2 mutants have more circular chondrocytes in
hypertrophic regions at the centre of the cartilage elements (Figure 3.11 D).
Taken together, these results suggest that the maturation and migration of chondrocytes
in col11a2-/- mutants is disrupted, leading to aberrant chondrocyte organisation. This change
in chondrocyte behaviour provides an explanation for the thicker, less defined morphology of
the craniofacial cartilage elements in mutants as the cells in col11a2-/- larvae fail to undergo
maturation and intercalate in to the elements in the same way as wt fish. This could result from
the loss of Type II collagen from the ECM, or from the reduction of jaw movements presented
in Section 3.5.4. It is most likely that both of these factors combine to disrupt the behaviour
of chondrocytes in the lower jaw, significantly altering the lower jaw morphology of col11a2
homozygous mutants.
71






















- -/- +/+ +/
















Copy of Total extoses








































Chondrocyte circularity in 





























Number of exostoses by
cartilage element
C D
Figure 3.11: Zebrafish with the col11a2 mutation show abnormal chondrocyte organisation and
morphology.
(A, A’) Three-dimensional volume renders of wild type and col11a2-/- mutant zebrafish at 7 dpf.
Dashed insets show Meckel’s symphysis at higher magnification, red arrowheads = protruding
cells, orientation compass: D = dorsal, V = ventral. (B) Quantification of protruding cells in
wild type, col11a2 heterozygous and col11a2 homozygous mutant zebrafish at 3–7 dpf (n = 4,
14, 4, 13, 8, 6, 8, 4, 6 from left to right of the graph). (C) Quantification of exostoses found in
individual cartilage elements of 7 dpf wild type and col11a2 homozygous mutant fish (n = 13
for wild type and 6 for col11a2 mutants). (D) Quantification of cell circularity in the Meckel’s
cartilage of 5 dpf wild type and col11a2 homozygous mutant fish (n = 3 for all). Location of
measurements shown by: red box = Meckel’s symphysis, blue box = mid-element, green box =
jaw joint. One-way ANOVA performed in B, student’s unpaired t-tests performed in C and D:
data are mean with SEM (D shows grand mean with no SEM, t-tests performed between mean
values). ∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001. Figure adapted from (Lawrence
et al., 2018).
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3.5.7 Loss of Type II collagen as a result of the col11a2 mutation leads to
altered material properties in larval zebrafish
To test whether Type II collagen loss and altered chondrocyte behaviour led to changes in the
material properties of the cartilage, AFM was carried out on dissected lower-jaw cartilages from 7
dpf wt and homozygous col11a2 mutant larvae which had previously been stained in wholemount
with alcian blue and alizarin red to aid dissection. The material properties in regions of immature
cells close to the jaw joint and Meckel’s symphysis were tested (red boxes in Figure 3.12 A) and a
significant increase in the YM from an average of 4.15 to 7.4 MPa (Figure 3.12 B, C) was recorded
in homozygous mutants. This represents a significant increase in the resistance of cartilage to
elastic deformation in zebrafish with a col11a2 mutation. In regions of more mature chondrocytes
(green boxes in Figure 3.12 A) where the most drastic loss of Type II collagen was seen, the
difference in YM was approximately four times greater than that of comparable regions in wt
larvae (Figure 3.7 B, C). This suggests that the loss of Type II collagen as a result of the col11a2
mutation leads to stiffening of the cartilage, potentially as a result of changes to the structure or
organisation of the ECM.
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Supplementary Figure 3: Atomic Force Microscopy concurrent measurement of topography 
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Figure 3.12: col11a2-/- mutants have altered cartilage topography and material properties
(A) Schematic depicting the location of AFM readings taken from the lower jaw. Red boxes = areas
of immature chondrocytes, green boxes = areas of hypertrophic chondrocytes. (B) Topographs of
cartilage from 7 dpf wild type and col11a2-/- zebrafish with the heat map key shown to the right
of the image. (B’) Heat maps of YM measurements from 7 dpf wild type and col11a2-/- larvae.
Heat map key shown to the right of the image with purples corresponding to higher YM values.
(C) YM values for immature and hypertrophic chondrocytes in wild type and col11a2-/- (n = 3
for both) at 7 dpf. Data is grouped by fish and grand mean is shown, student’s unpaired t-tests
performed between group means in C.∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001.
AFM was performed by Rob Harniman and analysed by Elizabeth Lawrence. Figure adapted
from (Lawrence et al., 2018).
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3.5.8 Type II collagen loss in col11a2-/- mutants is not accompanied by
changes to other ECM components
Following the finding that col11a2-/- mutants show poor Type II collagen maintenance and
significantly different material properties in the ECM (Sections 3.5.1, 3.5.7), other key matrix
components and processes were investigated to determine whether they were similarly affected.
Glycosaminoglycans, biglycan, collagens and mineralisation were studied due to their importance
in the ECM and their implications in cartilage pathologies.
3.5.8.1 Glycosaminoglycans
Glycosaminoglycans (GAGs) associate with a protein core to form proteoglycans, which account
for around 15% of the wet weight of articular cartilage (Fox et al., 2009). These key cartilage
constituents are able to interact with collagen fibrils and have previously been implicated in
ECM assembly (Scott, 1988). As Type II collagen was lost prematurely from the ECM in areas
surrounding mature chondrocytes in col11a2-/- mutants, GAGs were examined to assess if this
matrix component was similarly reduced in these areas. To do this, 5 and 7 dpf wt and mutant
larvae were stained with Alcian blue in wholemount. Alcian blue binds to mucosubstances and is
commonly used to stain glycosaminoglycans in cartilage. From this, no change in stain intensity
or localisation could be detected in the mutants at 5 or 7 dpf (Figure 3.13), indicating that loss of
Type II collagen does not affect GAG reactivity in col11a2-/- mutants.
3.5.8.2 Type X collagen
During cartilage maturation, a switch from Type II to Type X collagen is associated with
chondrocyte hypertrophy (Schmid et al., 1991). In zebrafish, col10a1a marks hypertrophic
chondrocytes, along with osteoblasts and ligament cells (Eames et al., 2012; Mitchell et al., 2013).
To test whether chondrocyte hypertrophy, number of osteoblasts or the presence of skeletal
connective tissue was affected by the col11a2 mutation, the col11a2sa18324 line was crossed into
the Tg(col10a1aBAC:citrine;col2a1a:mCherry) line. Upon quantification of col10a1a-positive cells
in wt and col11a2 homozygous mutants, no change to the number of hypertrophic chondrocytes
at 7 dpf was seen (Figure 3.14 C, D). The number of osteoblasts in the dentary (located directly
adjacent to the MC (red arrows in Figure 3.14 A, B, quantification in Figure 3.14 C) and the
number of col10a1a-positive cells in the IOM ligament (purple arrows in Figure 3.14 A, B,
quantification in Figure 3.14 C) were also unchanged in col11a2-/- mutants at 7 dpf. This
suggests that the col11a2 mutation, and resulting loss of Type II collagen, does not disrupt
hypertrophy onset despite the more circular nature of the chondrocytes.
74
3.5. EFFECT OF THE COL11A2 MUTATION ON THE CRANIOFACIAL SKELETON OF
DEVELOPING ZEBRAFISH






















































5 dpf 7 dpf










Figure 3.13: Cartilage glycosaminoglycan content and mineralisation is unchanged in col11a2-/-
mutant larvae.
(A, A’) Ventral and lateral views of Alcian blue Alizarin red stained wild type (A) and col11a2-/-
mutant (A’) larvae at 5 and 7 dpf. Cartilage GAGs stained blue and areas of mineralisation
stained red. Red asterisks = areas of bone formation, scale bar = 100µm. B, B’ Ventral and lateral
views of live Alizarin red stained wild type (B) and col11a2-/- mutant (B’) larvae at 5 and 7 dpf.
Scale bar = 200µm. MC = Meckel’s cartilage, PQ = palatoquadrate, C = ceratohyal, BA = branchial
arches, F = fin, HS = hyosymplectic, OC = otic capsule, OP = operculum, CL = cleithrum, PS =
parasphenoid, NT = notochord tip, O = otoliths. Figure adapted from (Lawrence et al., 2018)8.
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Figure 3.14: Altered cartilage material properties of col11a2-/- mutants is not explained by
changes in chondrocyte hypertrophy. Figure legend on next page.
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Figure 3.14: (A,B) Tg(col10a1aBAC:citrine;col2a1a:mCherry) line shows Type II (magenta) and
Type X (yellow) collagen in wild type and col11a2-/- mutant zebrafish at 5 dpf (A) and 7 dpf (B).
Scale bar, 100 µm. (C) Quantification of cells expressing col10a1a in hypertrophic chondrocytes,
IOM ligament cells and osteoblasts around the lower jaw of wild type and col11a2-/- mutant
fish at 7 dpf (position of each cell type shown by green, purple and orange arrows in A and B,
colour of arrow corresponds to graph points of the same colour) (n = 3 for all). (D) Quantification
of hypertrophic chondrocytes expressing col10a1a in 7 dpf wild type and col11a2-/- mutant fish
(n = 3 for all). Student’s unpaired t-tests were performed in C and D, data are mean with SEM.
∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001. Figure adapted from (Lawrence et al.,
2018).
3.5.8.3 Type I collagen
Next, immunostaining was used to examine whether Type I collagen was replacing Type II
collagen to maintain the structural integrity of the cartilage in col11a2 homozygous mutants.
This seemed a likely candidate for change as a reduction in Type II and a replacement by Type
I collagen is reported during cartilage degeneration, such as in OA. This collagen switch is
also associated with a stiffening of the matrix (Miosge et al., 2004) reminiscent of that seen in
col11a2-/- mutants (Figure 3.12, Section 3.5.7). From these images, Type I collagen could be seen
in the joint space, Meckel’s symphysis and at a low level in the cartilage ECM in wt fish, with this
pattern unchanged in mutants at 5 dpf (Figure 3.15 A). By 7 dpf, col11a2-/- mutants displayed a
reduction in Type I collagen at the joint interzone but no obvious change was observed within the
cartilage elements (Figure 3.15 B).
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Figure 3.15: Type I collagen protein expression is unchanged in the cartilage of col11a2-/-
mutants. Figure legend on next page.
78
3.5. EFFECT OF THE COL11A2 MUTATION ON THE CRANIOFACIAL SKELETON OF
DEVELOPING ZEBRAFISH
Figure 3.15: (A, B) Immunostaining for Type I (red in merged image) and Type II (green in
merged image) collagen in wild type and col11a2 -/- fish at 5 dpf (A) and 7 dpf (B). Dashed insets
show location of higher magnification images displayed below the main image. White arrows
indicate areas where Type II collagen is lost and Type I collagen is unchanged. Scale bar = 100µm.
Figure adapted from (Lawrence et al., 2018).
3.5.8.4 Onset of Bone Formation
To assess whether osteoblasts or mineralisation was altered in col11a2-/- mutant zebrafish, the
Tg(Ola.Sp7:NLS-GFP) line was used, along with live Alizarin red staining. This reporter line
enables visualization of osteoblasts as they surround the cartilage elements in the lower jaw and
lay down new bone (Bergen et al., 2019). This line was crossed into the Tg(col2a1aBAC:mCherry)
reporter line to mark cartilage elements, and this double transgenic was crossed into the
col11a2sa18324 line. From confocal imaging of these fish, no change in the number of osteoblasts
could be seen at 5 or 7 dpf in the mutants when compared to the wt larvae (Figure 3.16). Equally,
there was no disruption in the ability of the osteoblasts to encase the cartilage (Figure 3.16).
Following the observation that osteoblasts were unaffected by the col11a2 mutation,
wholemount Alizarin red staining was performed on fixed samples (Figure 3.13 A, B) and live
Alizarin red staining (Figure 3.13 A’, B’) were performed on 5 and 7 dpf larvae to mark calcified
matrix in the craniofacial cartilages of larval zebrafish. From this, no dramatic changes to the
pattern or amount of Alizarin red staining were observed in homozygous col11a2 mutants
(Figure 3.13), indicating that dermal and chondral bones in mutants initiate mineralisation at a
similar rate to those of wt fish.
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Figure 3.16: Osteoblast number and location is unchanged in the craniofacial skeleton of col11a2-
/- mutant larvae.
(A, B) Tg(Ola,Sp7:NLS-GFP; col2alaBAC:mCherry) line shows Type II collagen (magenta in
merged image) and osterix (green in merged image) in wild type and col11a2-/- zebrafish at 5 dpf
(A) and 7 dpf (B). Images are of ventral view, scale bar = 100 µm.
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3.5.9 Changes to lower jaw morphology and material properties in col11a2-/-
zebrafish lead to altered biomechanical performance
As shape and material properties have previously been shown to affect strain distribution in
zebrafish skeletons (Brunt, Roddy, Rayfield and Hammond, 2016), Finite Element (FE) analysis
was used to model how the changes in the lower jaw of col11a2-/- mutants would affect its
biomechanical performance. To do this, meshes of the lower jaw were generated from
representative confocal image stacks (Figure 2.6) of 7 dpf wt and col11a2-/- mutant larvae,
muscle forces calculated (Table 3.1) and applied along with the corresponding material
properties established from AFM. From this, a two-step model for jaw movement was generated
with step 1 corresponding to jaw closing and step 2 corresponding to jaw opening. This allowed
visualization of the maximum (Emax) and minimum (Emin) principal strains for jaw opening and
closure (Figure 3.17).
Maximum principal strains (tensional strains) in the wt model are located at the joint and the
muscle insertion points on the Meckel’s cartilage (Figure 3.17 A), with the strain spread widely
through the element from these points. In contrast, maximum principal strain in the col11a2-/-
mutants is concentrated at the jaw joint, with very little dispersal through the cartilage elements
(Figure 3.17 A). The difference in tensional strain distribution between genotypes is shown clearly
by the blue colour which is present throughout most of the col11a2-/- mutant model, compared to
the greens and yellows which are also present in the wt model (Figure 3.17 A). To quantify the
difference in strain, the models were probed at the joint site. This revealed that tensional joint
strains in the wt model averaged 4.41 × 102 Emax compared to 1.63 × 102 Emax in the col11a2
homozygous mutant model.
Minimum principal strains (compressional strains) follow a similar pattern to the maximum
principal strains, with a wider spread of strain apparent in the wt model and a more focal
distribution of strain in the col11a2-/- mutants (Figure 3.17 A’). The focal points of these strains
can be seen at the Meckel’s symphysis, medial surface of the anterior Meckel’s cartilage and on
the dorsolateral side of the jaw joint (Figure 3.17 A’).
Table 3.1: Muscle forces used for generation of Finite Element models in Figure 3.17 and 3.18
Muscle
Muscle force (N)
5 dpf 7 dpf
Wild type col11a2-/- Wild type col11a2-/-
Intermandibularis anterior 2.29E-06 2.10E-06 2.41E-06 2.24E-06
Intermandibularis posterior and
Interhyoideus (average of both)
1.86 E-06 2.89E-06 3.20E-06 2.15E-06
Hyohyoideus 1.86E-06 1.85E-06 1.72E-06 1.55E-06
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Figure 3.17: Changes to jaw morphology in col11a2-/- mutant zebrafish affect jaw biomechanics.
Figure legend on next page.
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Figure 3.17: (A, A’) FE models showing Emax (A) and Emin (A’) principal strains during jaw
opening in wild type and col11a2-/- larvae at 7 dpf. (B, B’) FE models showing maximum (Emax)
(B) and minimum (Emin) (B’) principal strains during jaw closure in wild type and col11a2-/-
larvae at 7 dpf. Ventral and lateral views shown for each model (ventral view = top image, lateral
view = bottom image). Red arrowheads represent areas of high strain and black arrowheads
represent areas of low strain. Jaw joint is marked by black asterisks. FE models were made by
Jessye Aggleton using morphology and material property data collected by Elizabeth Lawrence.
Figure adapted from (Lawrence et al., 2018).
3.5.10 Morphology of the lower jaw has a greater impact on biomechanical
performance than material properties
As seen in Figure 3.17, changes to morphology and material properties leads to altered strain
distribution through the lower jaw of col11a2-/- mutant zebrafish at 7 dpf. To ascertain whether
this change in strain pattern was caused predominantly by the shape or YM of the cartilage
elements, models were made of col11a2-/- mutant material properties in wt shape and wt material
properties in col11a2-/- mutant shape (Figure 3.18). From this, it was apparent that changing the
material property values in the wt shape to those of the mutant caused a decrease in the spread
of the Emax and Emin principal strains (Figure 3.18 A, B (top panel in both)). This resulted in
a pattern of strain which was intermediate between the wt and col11a2-/- mutant models from
Figure 3.17. Similarly, changing the material property values in the col11a2-/- mutant shape to
those of wt fish caused an increase in the extent of Emax and Emin principal strains (Figure 3.18
A, B (bottom panel in both)). However, the pattern of strain in the col11a2-/- mutant shape was
not fully ‘rescued’ by the insertion of wt YM values. This suggests that while both morphology
and material properties are important factors in biomechanical performance of the lower jaw, the
effect of morphology is greater than that of material properties.
Figure 3.18: Changes to jaw material properties in col11a2-/- mutant zebrafish have a smaller
effect on jaw biomechanics than morphology.
(A, B) FE models of 7 dpf larvae showing Emax and Emin principal strains of wild type jaw shape
with col11a2-/- material properties and col11a2-/- jaw shape with wild type material properties
during jaw opening (A, A’) and closure (B, B’). Ventral and lateral views shown for each model
(ventral view = top image, lateral view = bottom image). Red arrowheads represent areas of high
strain and black arrowheads represent areas of low strain. Jaw joint is marked by black asterisks.
FE models were made by Jessye Aggleton using morphology and material property data collected
by Elizabeth Lawrence. Figure adapted from (Lawrence et al., 2018).
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Figure 3.18: Figure legend on previous page.
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3.6 Effect of the col11a2 mutation on zebrafish ear development
As cartilage morphology has been shown to be important in sound transduction (Turner, 1990;
Shimokura et al., 2014) and given that humans with COL11A2 mutations display non-syndromic
sensorineural hearing loss (McGuirt et al., 1999; Chen et al., 2005), the inner ear structures
of wild type and col11a2-/- mutant zebrafish were examined next. Although zebrafish lack the
middle and outer ear structures found in humans, they have inner ear structures which accurately
recapitulate those seen in other vertebrates, including semicircular canals (Waterman and Bell,
1984) and otolithic organs (Platt and Popper, 1981; Lu and Desmidt, 2013). This analysis of the
zebrafish inner ear revealed changes to morphology of some ear structures which could explain
the hearing loss phenotype seen in patients.
3.6.1 Zebrafish with the col11a2sa18324 mutation display thicker ear cartilage
elements
To investigate ear morphology changes in fish with a col11a2 mutation, double transgenic
Tg(col2a1aBAC:mCherry;Tp1bglob:eGFP) fish were imaged laterally at 5dpf. This transgenic line
marks Type II collagen in cartilage, which makes up the otic capsule and semicircular canals of
the inner ear along with notch signalling components in the sensory hair cells in the maculae
and cristae (Figure 3.19 C) of the inner ear. From these confocal images (Figure 3.19 A) it could
be seen that the cartilage at the base of the otic capsule in col11a2 heterozygous mutants was
thicker, with chondrocytes failing to intercalate into a single layer as they do in wild types (Figure
3.19 A). Upon quantification, the cartilage was significantly thicker at the vertical pillar junction
and the posterior ear cartilage in col11a2+/- mutants when compared to wt fish (Figure 3.19 B,
B’). No change to the number of notch-positive hair cells was seen in the col11a2+/- mutants
(Figure 3.19 A, C’) but the cells in the anterior macula, medial crista and posterior crista appear
to be ‘smothered’ by this thicker cartilage (Figure 3.19 A), potentially inhibiting their ability to
transmit audio or vibrational stimuli.
In this section, heterozygous mutants are analysed as a stable col11a2 heterozygous or
homozygous mutant line with the Tg(col2a1aBAC:mCherry;Tp1bglob:eGFP) transgene present
was unable to be generated in the time frame of this thesis. This meant that transgenic col11a2
heterozygous mutant larvae had to be obtained by crossing col11a2 -/- with wild type
Tg(col2a1aBAC:mCherry;Tp1bglob:eGFP) adults. As this mutation is autosomal dominant, the
phenotype seen in the ear of col11a2 +/- larvae in Figure 3.19 is likely to be intermediate
between that of wild type and col11a2 -/- larvae.
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Figure 3.19: Ear cartilage morphology is disrupted in zebrafish heterozygous for the col11a2sa18324
mutation. Figure legend on next page.
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Figure 3.19: A)Lateral view confocal images of the Tg(col2a1a:mCherry;Tp1bglob:eGFP) reporter
in 5 dpf wild type and col11a2+/- fish. Merged image shows Type II collagen in magenta and
notch signaling in green. Scale bar = 100 µm. (B) Schematic of zebrafish ear structures at 5
dpf. (B’) Quantification of ear cartilage thickness at 3 locations marked in (B), colour of axis
label corresponds to line in (B) (n = 9 for wild type and 6 for col11a2+/-). (C) Schematic of 5
dpf zebrafish ear with sensory patches annotated. (C’) Quantification of GFP positive hair cells
in each of the sensory patches of the inner ear (n = 9 for wild type and 6 for col11a2+/-). AC =
anterior crista, MC = medial crista, PC = posterior crista, AM = anterior macula, PM = posterior
macula. Axis label colour corresponds to the colours shown in (C). Data is mean with SEM,
student’s unpaired t-test performed between wild type and col11a2+/- for each measurement
location in B’ and C’. ∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001. Confocal images
in A were collected by Karen Roddy (formerly a member of the Hammond Lab, School of PPN,
University of Bristol) and analysed by Elizabeth Lawrence.
3.6.2 Changes to otolith area in col11a2-/- mutant larvae suggest a
biomineralisation defect in these structures
Following the observed changes to the inner ear cartilage of col11a2-/- mutants, the morphology
and position of the otoliths in larval zebrafish were measured from brightfield images (Figure
3.20 A and B). These biomineralised structures are first present from approximately 18 hours
post fertilisation (hpf) and are essential for balance, hearing and detection of acceleration in
zebrafish (Stooke-Vaughan et al., 2015). The distance between the otoliths was measured at
the closest point and no difference was seen in the spacing between wild type and col11a2 -/-
fish at either 3 or 5 dpf (Figure 3.20 C and F). At both 3 and 5 dpf a significant decrease was
seen in the posterior and anterior otolith area in col11a2-/- mutant larvae compared to wild
type larvae (Figure 3.20 D and G). Little difference was seen in the circularity of col11a2 -/-
otoliths compared to wild type otoliths, apart from in the anterior otoliths of 5 dpf fish where
there was a significant increase in circularity in col11a2-/- mutants (Figure 3.20 E and H). The
lack of change in otolith positioning suggests the initial tethering of developing otoliths is not
affected in col11a2-/- mutants, but the reduction in otolith area indicates that the deposition of
calcium carbonate around these structures may be perturbed in mutants. This change to rate of
biomineralisation could lead to hearing or other sensory defects in col11a2 through development.
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Figure 3.20: Larval zebrafish with the col11a2 mutation have altered otolith area and circularity.
Figure legend on next page.
((A, B) Lateral view brightfield images of wild type and col11a2-/- zebrafish ears at 3 dpf (A)
and 5 dpf (B). Dotted yellow box shows position of inset image displayed to the right of the main
image, inset image shows a zoom of the ear and otoliths, with the anterior otolith labelled A and
coloured green and the posterior otolith labelled P and coloured red. Scale bar = 100µm. (C – E)
Quantification of the distance between the anterior and posterior otolith (C), otolith area (D),
and otolith circularity (E) in 3 dpf zebrafish (n = 12 for wild types and 9 for col11a2 -/-). (F – H)
Quantification of the distance between the anterior and posterior otolith (F), otolith area (G),
and otolith circularity (H) in 5 dpf zebrafish (n = 13 for wild types and 7 for col11a2 -/-). Data
is mean with SEM. Student’s unpaired t-test performed within anterior and posterior otolith
groups in C - H. ∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001.
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3.6.3 col11a2-/- mutant zebrafish show early otolith mineralisation
In zebrafish the otoliths are positioned above the sensory hair cell patches of the cristae and
maculae and are essential for sensing gravity and acceleration, as well as hearing (Platt and
Popper, 1981; Platt, 1983). During the 18-somite stage of zebrafish development otolith formation
begins (Riley et al., 1997) with the aggregation of dense particles at the otic vesicle poles, finally
forming biomineralised otoliths by the 26-somite stage (Stooke-Vaughan et al., 2012). To further
understand how mutations to col11a2 could be affecting inner ear signal transduction, the onset
of otolith mineralisation was recorded in wt and col11a2-/- mutant zebrafish (Figure 3.21 A).
From brightfield and fluorescent images of 7 dpf zebrafish live stained with alizarin red, it could
be seen that col11a2-/- mutant zebrafish had premature otolith mineralisation, compared to
wild type fish of the same age (Figure 3.21 A). This premature mineralisation could suggest
that the otoliths go on to be excessively mineralised in col11a2-/- mutant fish, disrupting signal
transduction to the sensory cilia of the inner ear.














Figure 3.21: Premature otolith mineralisation is observed in col11a2-/- mutant zebrafish.
(A) Brightfield and fluorescent images of 7 dpf wild type and col11a2-/- zebrafish live stained
with Alizarin red. Yellow and white dashed insets show areas of zoom to the right of the main
image, green line shows otolith edge in brightfield images.
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3.7 Discussion
Mutations in in the collagen genes COL2A1, COL9A1, COL11A1 and COL11A2 have been linked
to numerous skeletal dysplasias, such as Stickler syndrome and Fibrochondrogenesis, which are
associated with cartilage destabilisation, and abnormal skeletal shape and properties. In this
chapter I describe a zebrafish model for one of these diseases, Stickler syndrome, which has a
mutation in the triple helical domain of col11a2 and shows an adult phenotype which recapitulates
many of the disease characteristics seen in human patients. I describe the expression pattern of
this gene in zebrafish and how its mutation affects the musculoskeletal system in developing and
mature zebrafish. My analyses show alterations to craniofacial cartilage composition, material
properties, morphology, biomechanics and jaw joint function in larval zebrafish, which correlate
with the musculoskeletal phenotype seen in humans with similar mutations. They also provide an
explanation to the early onset OA seen in Stickler syndrome patients. Alongside the craniofacial
features of these zebrafish mutants, I examined the inner ear structures in larvae, presenting
changes to their architecture which could help unpick the hearing loss phenotype in patients.
Following on from studies which have shown the close structural association of Type II, IX
and XI collagen (Blaschke et al., 2000)), and the observation that expression of these genes
overlapped in larval zebrafish, Type II collagen immunostaining revealed abnormal protein
localisation in col11a2-/- mutants from as early as 5dpf. The observation that protein distribution
appeared ‘normal’ in col11a2-/- mutants at 3dpf suggests that transcription and secretion of Type
II collagen is unaffected by the col11a2 mutation during the early stages of larval development.
However, the loss of this ‘normal’ protein distribution by 5dpf indicates an increased susceptibility
to degradation, potentially as a result of inadequate fibril assembly and cross-linking. This more
disorganised collagen fibril packing in the absence of Type XI collagen would make it easier
for collagenases such as MMP-1, -8 and -13 to access and degrade collagen in the cartilage
(Manka et al., 2019). The idea that the Type II collagen fibrils present in col11a2-/- mutants
are less robust is strengthened by the presence of Type II positive material outside the cartilage
elements. We hypothesise that these represent fragments of degraded collagen fibrils which,
unless cleared by innate immune cells could contribute to the chronic low-level inflammation
observed in patients with OA (Scanzello and Goldring, 2012; Sokolove and Lepus, 2013).
Following the onset of Type II collagen degradation at 5 dpf, protruding cells were seen
located outside of the normal cartilage structure in 7 dpf col11a2-/- mutants. These resemble
hereditary multiple exostoses (HMEs) seen in humans, the likes of which have been observed
radiographically in patients with Stickler syndrome (Sirko-Osadsa et al., 1998). In zebrafish,
it has been reported that HMEs are formed when the Exostosin genes are lost, such as in
the pinscher and dackel lines ((Clément et al., 2008). As genes associated with exostoses are
responsible for chondrocyte maturation, hypertrophy and intercalation, the presence of HME-like
structures in col11a2-/- mutants suggests that chondrocytes fail to intercalate effectively into
the element. This then results in chondrocytes being extruded from the cartilage elements. A lack
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of chondrocyte ability to intercalate in col11a2sa18324 zebrafish is also supported by the observed
changes to cell morphology. Chondrocytes in the col11a2-/- mutants were generally more rounded
and failed to form the cell stacks associated with cell maturation and hypertrophy, a phenotype
which has been reported in mice and zebrafish lacking Type XI collagen (Xu et al., 2003; Baas
et al., 2009).
This lack of chondrocyte maturation and intercalation could also go some way to explain the
morphological changes seen in the lower jaw cartilage elements and the jaw joint. From 5 dpf,
thicker cartilage elements were seen in col11a2-/- mutant zebrafish, with almost a complete
loss of joint space and a less defined joint head and neck present in these fish. This phenotype
worsened at 7 dpf, coinciding with the time frame in which chondrocytes would intercalate into
a single stack in the more mature areas of cartilage and start to undergo hypertrophy. One of
the key processes in intercalation and hypertrophic chondrocyte differentiation is the production
of an abundant ECM (Li et al., 1995) of which Type XI collagen is a key component Baas et al.
(2009). Therefore, a lack of Type XI collagen in the ECM, such as in col11a2 zebrafish, may mean
that chondrocytes do not receive the chemical or mechanical signals require for them to mature
and organise in the same way as in wild types.
Another explanation for the changes to joint shape is a reduction in the number of movements
at the jaw joint in col11a2 homozygous mutants at 5 dpf. Jaw movement commences at 3 dpf and
is established and regular by 5 dpf in wild type zebrafish (Brunt, Roddy, Rayfield and Hammond,
2016). The lack of movement by col11a2-/- mutants at 5 dpf indicates relative immobility of the
developing jaw joint. In chick models, embryonic immobility has been associated with changes
to the morphology of rudiment termini, a reduced joint interzone, and joint fusions (Rolfe et al.,
2021; Roddy et al., 2011; Nowlan et al., 2014). Changes to cell organisation at the joint, including
a loss of clear chondrogenous layers in the articular cartilage were also observed in these studies,
suggesting that the lack of movement recorded in col11a2-/- larvae could also be contributing
to the abnormal chondrocyte maturation and intercalation identified in col11a2 homozygous
fish. As zebrafish don’t have distinct chondrogenous layers in the cartilage of the lower jaw
joint at 5 dpf, no comment can be made on whether this is lost in col11a2-/- mutants. However,
the disorganisation of chondrocytes in the lower jaw cartilages of col11a2-/- zebrafish could
be deemed comparable to that seen in the cartilage of immobilised chick joints. This further
strengthens the argument for movement having a key role in the development of the col11a2-/-
phenotype. To further understand the importance of movement in the col11a2 mutant phenotype
it would be valuable to investigate changes to gene expression and signalling pathways known to
be involved in transducing mechanical stimuli in future. Examples of molecules which could have
an important role in the col11a2-/- phenotype include Wnt (canonical Wnt signalling has been
shown to be reduced following immobilisation leading to inaccurate differentiation of articular
cartilage (Rolfe et al., 2018)) and BMP (in immobilised chick and mouse joints BMP signalling
has been reported to be upregulated (Singh et al., 2018)).
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In this chapter, the loss of Type II collagen seen in the cartilage ECM of col11a2-/- mutants
was linked to a change in cartilage material properties, with an increase in cartilage stiffness
shown in mutant larvae. This change in material properties was most striking in areas of
hypertrophic chondrocytes and could not be explained by increased calcification, accumulation
of Type I collagen or loss of GAGs in col11a2-/- mutant ECM. This increased stiffness could
be explained by a change in the maturation state of the chondrocytes, with rodent models
being reported to show increased matrix stiffness in the growth plate as chondrocytes mature
(Prein et al., 2016; Radhakrishnan et al., 2004). Given the results presented here suggest
the chondrocytes remain in a more immature state in col11a2-/- mutants, this is unlikely to
be the reason for increased ECM stiffness in this context. A more likely explanation for the
changes to ECM material properties in larvae is that the lack of Type XI collagen incorporation
leads to an altered collagen structure in the ECM of col11a2sa18324 fish. It has previously been
demonstrated that abnormal collagen fibril assembly is related to changes in the mechanical
properties of cartilage, particularly during OA progression and ageing (Mendler, Eich-Bender,
Vaughan, Winterhalter and Bruckner, 1989; Fox et al., 2009; Franz et al., 2001; Xu et al., 2003;
Sharma et al., 2013; Geraghty et al., 2012). The increased stiffness seen in the primordial
cartilage of col11a2-/- mutant larvae could affect the properties of the ensuing bone as increased
bone stiffness in the chondral jaw bone of col11a2-/- mutant adult zebrafish has been reported
(Lawrence et al., 2018). The formation of ‘stiffer’ bone in the absence of Type XI collagen may
contribute to the accelerated OA onset seen in Stickler syndrome; as subchondral bone thickening
has been linked to a more rapid rate of articular cartilage degradation (Pollard et al., 2017).
Having observed drastic changes to the morphology and material properties of the cartilage
in col11a2-/- mutant zebrafish larvae, the impact of each of these on joint function was modelled
using FE analysis. These models showed that whilst both factors were important in determining
strain distribution through the cartilage elements, joint and element morphology had the largest
effect on biomechanical performance. This is likely due to the fact that joint morphology has more
of an impact on how a joint moves than the material properties of its constituent parts. Joint
movement has been shown to be critical for their correct specification and development (Pollard
et al., 2017; Pitsillides, 2006; Rolfe et al., 2017; Verbruggen et al., 2018; Nowlan et al., 2014)
suggesting that initial changes to the shape of the lower jaw elements in the absence of Type XI
collagen impede normal joint movement and therefore development. The idea that restricted joint
movement in col11a2sa18324 fish leads to larger scale morphological changes through development
is supported by the observation that the shape of the cartilage elements in col11a2-/- mutant fish
at 3 dpf is almost identical to wild types. This phenotype then worsens by 5 dpf, following the
onset of regular movement in the zebrafish lower jaw (Brunt et al., 2015).
As well as possessing a musculoskeletal phenotype comparable to that of humans with Type
III Stickler syndrome, col11a2sa18324 zebrafish larvae were also found to have abnormal inner
ear structures likely to cause hearing or sensory impairment. This represents another similarity
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between the zebrafish model and human patients as nearly 63% of people with Stickler syndrome
show a form of hearing loss (Acke et al., 2012). In people with Type III Stickler syndrome caused
by COL11A2 mutations sensorineural hearing loss is the most prevalent form, accounting for
nearly 68% of hearing loss cases amongst this population (Acke et al., 2012). In transgenic
Col11a2-/- mice moderate to severe hearing impairment was recorded with the only change
to inner-ear morphology seen in the tectorial membrane (McGuirt et al., 1999). This acellular
membrane in the cochlea of humans covers the sensory hair cell bundles in the inner ear, and
was found to be thickened with a disorganised collagen fibril pattern in the Col11a2 mutant mice
(McGuirt et al., 1999). This suggests that loss of Type XI collagen, and the resulting disruption to
ECM structure, may prevent the transformation of sound to mechanical stimuli in the inner ear
by ‘smothering’ the sensory hair cells with a thicker membrane. Although zebrafish do not have
an equivalent of the tectorial membrane (Stooke-Vaughan et al., 2015), a similar smothering of
the hair cells by the inner ear cartilage was observed in col11a2+/- mutant larvae. This provides
evidence that the processes involved in zebrafish ear development are sufficiently similar to those
in humans to be able to further investigate the causes of hearing loss in Stickler syndrome.
In this chapter, evidence is presented to show that loss of Type XI collagen as a result of a
col11a2 mutation leads to phenotypic changes in zebrafish reminiscent of that seen in humans
with Type III Stickler syndrome. Specifically, it identifies changes to chondrocyte behaviour and
the ECM which impact both the biomechanical performance of the developing jaw joint and
the inner ear structures. By examining changes to ECM composition, material properties, joint
morphology and distribution of load through the developing skeleton, this work begins to explain











RESPONSE OF DEVELOPING CARTILAGE TO INCREASED
MECHANICAL LOAD AND THE ROLE OF THE col11a2 GENE IN
MECHANICAL RESILIENCE.
A number of the results presented in this chapter have been published in (Lawrence et al.,2021). All figure panels from this publication have been adapted for this thesis and figurelegends acknowledge this where appropriate. I was first author of this paper and was
responsible for performing the majority of the experiments and data analysis (unless otherwise
stated in the figure legend). Briefly, I was involved in exposing the zebrafish to hypergravity at
the LDC (under the supervision of Jack van Loon, ESA ESTEC), performed the immunostaining,
histological staining, dissection and sample preparation for AFM and nanoindentation, imaging of
all samples and the image analysis resulting from these images, and tissue processing and image
acquisition for TEM. AFM, and the resulting calculation of the Young’s modulus, was performed
by Rob Harniman (School of Chemistry, University of Bristol) on samples which I stained,
dissected and mounted. Nanoindentation, the preceding cryosectioning, and resulting analysis
of material properties from this technique was performed by Josepha Godivier (Department of
Bioengineering, Imperial College London) on larvae which I fixed and processed. Finite element
models were made and probed for strain values by Jessye Aggleton (Department of Orthopaedic
surgery, UCSF formerly School of Archaeology and Anthropology, University of Bristol) using
confocal images of the lower jaw which I collected and material property values collected by Rob
Harniman and Josepha Godivier. Where I have included images or data generated by someone
else, this is highlighted in the figure legend. The role of colleagues in specific techniques is also
outlined in the relevant methods sections (Chapter 2). Along with data collection and analysis, I
was also responsible for generating all figures, writing and editing the manuscript in full, and
responding to reviewers comments.
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4.1 Introduction
Following characterisation of the col11a2sa18324 mutant phenotype in Chapter 3, I next wanted to
explore the observed changes to the ECM further. To further understand the relationship between
ECM degradation and abnormal strain distribution; I performed experiments to understand how
cartilage responds to abnormal load without the presence of a genetic mutation. To do this, wild
type fish were exposed to hypergravity over a key time period of joint development (3-5 dpf) to
simulate increased mechanical load in a uniform manner across the developing skeleton.
Mechanical loading is known to have important roles in both skeletal development and
homeostasis. Skeletal loading which results from embryonic movement is known to be essential
for proper joint specification, development and maintenance (Roddy et al., 2011; Kahn et al.,
2009; Brunt, Roddy, Rayfield and Hammond, 2016; Brunt et al., 2015; Pollard et al., 2017;
Pitsillides, 2006; Rolfe et al., 2017; Verbruggen et al., 2018; Nowlan et al., 2014). The importance
of embryonic movement on joint development is highlighted by the defects present following joint
immobilisation in chick and mouse models. These joint abnormalities include a loss of the joint
interzone and joint fusion, changes to the morphology of the rudiment termini in the joint and
perturbed cellular organisation in the cartilage and at the joint site (Rolfe et al., 2021; Roddy
et al., 2011; Kahn et al., 2009). As well as tissue-level changes to the joint architecture, lack of
movement during development causes changes at the molecular level, including changes to gene
expression and activation of signalling pathways. In immobilised mouse joints, the expression of
key joint markers was disrupted including a substantial reduction in Gdf5 at the joint intersection
and the expression of matrilin-1 was seen in articular chondrocytes from which it is usually
excluded (Kahn et al., 2009). This led to the conclusion that in the absence of movement, the
developing mouse limb joint was unable to maintain expression of markers which specify the
interzone and instead expressed chondrogenic markers across the joint, ultimately resulting in a
failure to form a joint (Kahn et al., 2009). This conclusion is supported by findings from other
groups, including studies in immobilised chick knee joint in which the highly specific expression
of PTHLH and COL2A1 was disrupted so that it was no longer restricted to the articular regions
of the rudiment termini, rather expression is seen across the joint interzone (Roddy et al., 2011).
The expression of genes which are crucial for correct joint cavitation, such as CD44 and HAS2,
was also disrupted in these specimens with expression lost in the intermediate region of the joint
interzone (Roddy et al., 2011).
Following skeletal development, mechanical loading is closely linked to musculoskeletal
homeostasis and health. Physiological levels of loading occur during physical activity through
ground reaction forces and muscle contraction (Usui et al., 2003; Lanyon et al., 1975), and have
been associated with promoting cartilage health (Lee and Bader, 1997; Shelton et al., 2003;
Soltz et al., 2000; Sharma et al., 2007; Klein-Nulend et al., 1987; Otterness et al., 1998; Galois
et al., 2003; Manninen, 2001) and maintaining bone mass (Russo, 2009). In vitro studies have
demonstrated that a physiological level of mechanical loading has a beneficial impact on cartilage
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as it increases chondrocyte proliferation and anabolic processes which in turn boosts proteoglycan
synthesis (Lee and Bader, 1997; Shelton et al., 2003; Soltz et al., 2000; Sharma et al., 2007;
Klein-Nulend et al., 1987). In vivo experiments suggest that moderate exercise can exert a
chondroprotective role (Otterness et al., 1998; Galois et al., 2003; Manninen, 2001), decreasing
the risk of severe OA. Studies in mice have elucidated the signalling pathways which could play
a key role in skeletal homeostasis through mechanical loading, with the BMP and Wnt pathways
shown to be crucial for this process. In Bmp2 and Bmp4 knockout mice, osteoclast and osteoblast
function is impaired and the regenrative capacity of bone is much lower when compared to control
animals (Khan et al., 2016). Given that members of the BMP signalling pathway are known to be
mechanosensitive, this ability to modulate bone homeostasis in mice is thought to be intrinsically
linked to the amount of load experienced by the skeleton.
In contrast to the positive effects of physiological levels of load, excessive or reduced loading of
joints has been associated with promoting catabolic pathways and causing cartilage destruction.
Abnormal loading of hip (Croft et al., 1992) and knee (Felson et al., 1991; Coggon et al., 2000) joints
over an extended period of years through repetitive use has been linked to joint degradation and
OA. As well as long-term exposure to increased loading, short-term extreme loading as a result
of high impact sports (Arendt and Dick, 1995; Levy et al., 1996) or severe joint misalignment
(Meireles et al., 2017) has been associated with OA through the induction of ECM degradation,
collagen loss and chondrocyte cell death (Loening et al., 2000; Torzilli et al., 1999; Patwari et al.,
2004). Although changes to load have been identified as a major risk factor for OA onset and
progression (Kujala et al., 1995; Lane et al., 1999; McAlindon et al., 1999), the full mechanism by
which loading causes joint degeneration is not fully understood.
As gravitational forces act to exert mechanical loading on the skeleton (Kohrt et al., 2009),
many studies utilise altered gravity environments for studies into the musculoskeletal system.
Hypergravity has previously been used as a tool to increase mechanical loading on the skeleton
with lower body negative pressure treadmills used to improve athlete performance (Groppo et al.,
2005) and centrifuges used to study how bone is altered in hypergravity. A study which exposed
mice to 2g hypergravity for 21 days found that trabecular bone volume was improved, osteoclasts
(by volume) decreased and mineralisation increased (Gnyubkin, 2015). When exposed to a higher
level of gravity (3g) cortical thinning, an increase in osteoclasts (by volume) and a reduced rate
of mineralisation was seen in these mice (Gnyubkin, 2015). This supports the hypothesis that
loading can exert beneficial effects on the musculoskeletal system up to a point, beyond which
it becomes detrimental. Experiments in which zebrafish have been exposed to hypergravity
have also been performed, with the effect of a relatively short exposure to increased loading on
hormones and skeletal development measured. This work by the Muller lab exposed zebrafish
to various combinations of 3g hypergravity and normal gravity (1g) using a Large Diameter
Centrifuge. Although relatively few phenotypic changes were seen between fish from different
loading conditions, increased ossification in the head skeleton of fish exposed to 3g was reported
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(Aceto et al., 2015). Although the effect of hypergravity and increased mechanical loading on
bone has been relatively well studied, less is known about the impact on cartilage. One in vitro
study on chondrocytes suggested that BMP4 (critical in collagen Type II and aggrecan synthesis
(Reddi, 2001)) was downregulated immediately after hypergravity exposure (Wehland et al.,
2015), indicating that articular cartilage health would be impaired during long-term exposure to
increased loading conditions.
In this chapter I will examine how increasing mechanical load (through hypergravity
exposure) during cartilage development affects skeletal patterning and ECM maintenance in
wild type zebrafish. I will also begin to explore whether the changes seen to cartilage in the
presence of extreme load are exacerbated by the presence of the col11a2sa18324 mutation. This
will give a better understanding of how loading leads to cartilage degeneration in humans and
may elucidate whether mutations associated with premature OA cause disease onset by
increasing cartilage sensitivity to changes in loading.
4.1.1 Chapter specifics
The work in this chapter resulted from a successful application to the European Space Agency’s
’Spin Your Thesis’ programme, with teams selected to take part based on a written proposal and
formal interview process. I was team leader of the ’Bristol Bone Biologists’ and was responsible for
planning the experiments, submitting the application, performing the experiments whilst at the
European Space Agency facility and contributing to the analyses of samples resulting from the
campaign. All zebrafish larvae analysed in this chapter were kept in normal gravity conditions
prior to 3 dpf, following which they were exposed to altered gravity conditions (1g static, 1g spin,
3g spin or 6g spin) for 48 hours from 3 dpf to 5 dpf. The larvae were fixed at 5 dpf, immediately
after this 48 hour exposure. As a result, all analysis in this chapter is performed on 5 dpf
larvae. We were constrained with exposure length due to the availability of the Large Diameter
Centrifuge and the amount of time we were offered as part of the campaign, therefore we chose
to do one long exposure as opposed to lots of shorter exposures as we wanted to investigate the
effect of hypergravity on processes which occur over days as opposed to minutes or hours.
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4.2 The effect of increased mechanical loading on developing
cartilage of wild type zebrafish
4.2.1 Developmental markers are unchanged by hypergravity in larval
zebrafish
In order to define the developmental stage of the zebrafish larvae following their time in the
centrifuge, larval length post-fixation was measured (Figure 4.1 A, A’). This has been established
as a more reliable marker of growth and maturation than the age of the fish (Singleman and
Holtzman, 2014). From this, it was determined that exposure to Coriolis forces (referred to as the
1g spin condition from here), 3g and 6g had no effect on the development of the zebrafish when
compared to 1g static zebrafish (Figure 4.1 A’).
In addition to measuring fish length, swim bladder inflation of the larvae post-fixation was
examined. The swim bladder is a gas-filled chamber which is important in zebrafish buoyancy
and is essential for survival of larval zebrafish (Evans et al., 2013). Given its crucial role in
maintenance of normal physiology in zebrafish, the volume of the swim bladder was calculated
from two measurements (Figure 4.1 B). This showed that hypergravity exposure had no impact
on swim bladder inflation by 5 dpf (Figure 4.1 B’). Taken together, these results demonstrate that
general development was not affected by hypergravity and confirmed that any differences seen
on downstream analyses were not as a result of different developmental stages.
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Swim bladder volume following hypergravity exposure
V = 4/3 � ab2
Figure 4.1: Larval length and swim bladder inflation are unaffected by hypergravity exposure.
((A) Schematic of larval zebrafish with location of length measurement taken shown by the red
line. (A’) Quantification of larval length in fish exposed to 1g static, 1g spin, 3g spin and 6g
spin (n = 10 for all). (B) Schematic of larval zebrafish with location of measurements taken to
calculate swim bladder volume shown by red and blue lines. Equation used to calculate volume is
shown under schematic. (B’) Quantification of swim bladder volume in fish exposed to 1g static,
1g spin, 3g spin and 6g spin (n = 10 for all). Data is mean with SEM, student’s unpaired t-test
performed in A’ and B’. ∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001. Figure adapted
from (Lawrence et al., 2021).
4.2.2 Cartilage element morphology in the lower jaw is unaffected by
hypergravity
To assess the effect of increased mechanical loading through hypergravity on developing cartilage,
we used Type II collagen immunostaining (Figure 4.2 A) to visualize its morphology. From these
images we were unable to see changes to the overall jaw shape, with jaw volume (Figure 4.2
B), length (Figure 4.2 C) and width (Figure 4.2 D) remaining the same in 1g static and 6g fish.
Analysis of joint morphology from confocal images also revealed no significant difference seen in
joint neck (Figure 4.2 E), joint head (Figure 4.2 F) and joint space (Figure 4.2 G) measurements
between 1g static and 6g spin fish. Wholemount Alcian blue staining was also performed to
visualize the lower jaw (Figure 4.3) and brightfield images of these flat-mounted jaws showed no
obvious change to cartilage morphology, supporting what was seen from immunostaining.
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Figure 4.2: Lower jaw morphology is unchanged following hypergravity exposure.Figure legend
on next page.
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Figure 4.2: (A) Maximum projections of ventral confocal image stacks from 1g static and 6g spin
zebrafish immunostained for Type II collagen. Light areas in 6g image are areas of autofluorescent
debris in the sample. Scale bar: 100µm. (A’) 3D surface renders from confocal image stacks of
lower jaw cartilage in ventral orientation from 1g static and 6g zebrafish (MC = Meckel’s cartilage,
PQ = palatoquadrate, C = ceratohyal). (A”) Close-up images of jaw joint from 1g static and 6g
spin 3D render Orientation compass: A, anterior; L, lateral; M, medial; P, posterior. (B - D)
Quantification of lower jaw volume (B), length (C) and width (D). Location of measurements
shown by blue (length) and red (width) lines in (A’) (n = 5 for B, n = 8 for C and D). (E- G)
Quantification of joint neck (E) and joint head (F) width, and joint space (G), location of
measurements shown in (A”), red line = joint neck, yellow line = joint head, white line = joint
space (n=8 for all different symbols represent individual fish, two values can be seen for each fish
as there are two jaw joints). Data is mean with SEM (E-G show mean with no SEM), student’s
unpaired t-test in B, C, E, F and G. ∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001. Figure
adapted from (Lawrence et al., 2021)















Figure 4.3: Lower jaw cartilage element architecture is unchanged when visualised with alcian
blue staining.
(A, B) Ventral view brightfield images of flat mounted lower jaw cartilages from 1g static(A) and
6g spin (B) zebrafish stained in wholemount with alcian blue prior to dissection. MC = Meckel’s
cartilage, PQ = palatoquadrate, C = ceratohyal; red asterisks = jaw joint. Scale bar = 100µm.
Figure adapted from (Lawrence et al., 2021).
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4.2.3 Craniofacial musculature is unchanged following hypergravity
exposure
Given that exposure to microgravity is strongly associated with muscle loss (Caiozzo et al.,
1994; Martin et al., 1998) and the importance of muscles in zebrafish jaw joint development
(Roddy et al., 2017), we stained larvae with the pan-skeletal myosin marker A4.1025 to visualize
muscles in the lower jaw (Figure 4.4 A). From these images muscle fibre number and length
were quantified (Figure 4.4 B, C), with no significant differences seen in either of these measures
between 1g static and 6g spin zebrafish. The maximum muscle force was also calculated for each
group (Figure 4.4 D, E), with the resulting maximum force statistically unchanged between fish
from 1g static and 6g spin. These results show that the length and level of hypergravity exposure
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Figure 4.4: Craniofacial musculature shows no significant change following hypergravity
exposure.
((A) Maximum projections of ventral confocal image stacks from 1g static and 6g spin zebrafish
immunostained for all myosin isoforms (A4.1025). IA = Intermandibularis anterior, IP =
Intermandibularis posterior, IH = Interhyoideus, HH-I = Hyohyoideus inferior. Scale bar =
100µm. (B-D) Quantification muscle fibre number (B) and length (C) measured from confocal
image stacks, and of muscle force (D). Location of muscle groups shown in (A), legend shown
below graph. (E) Values used in muscle force calculations; each number is the average taken
from 5 fish. Data is mean with SEM. One-way ANOVA performed within muscle groups in B, C
and D. ∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001. Figure adapted from (Lawrence
et al., 2021).
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4.2.4 Material properties are altered in the lower jaw of zebrafish exposed to
hypergravity
Material properties of tissues can be measured at the nano- and micro-scale, and changes to
mechanical loading have previously been shown to change skeletal stiffness at both levels (Turko
et al., 2017). As a result of this, the material properties of the lower jaw following hypergravity
exposure were investigated using AFM and nanoindentation. AFM measurements were taken
from areas of immature and hypertrophic chondrocytes (shown by schematics in Figure 4.5), with
both regions showing an increase in YM in response to increased loading (Figure 4.5 A). This
increase in YM showed a positive correlation with the magnitude of gravitational exposure, with
fish from 3g and 6g displaying a significantly higher YM than 1g static or 1g spin fish and fish
from the 6g condition showing a significant increase in YM compared to 3g fish (Figure 4.5 A). No
significant difference in YM was seen between 1g static and 1g spin fish, indicating that rotation
had no substantial impact on the cartilage material properties.
Within complex materials, such as cartilage, different structures can have a greater influence
on stiffness at different scales. Having used AFM to measure YM at the nano-scale we next
employed nanoindentation to investigate material properties at the micro-scale in 1g static and
6g spin fish. This revealed that 6g fish had a significantly higher YM (Ehertz) in hypertrophic
chondrocytes when compared to 1g static fish (Figure 4.5 D). This pattern of increased stiffness
was not seen for immature chondrocytes (Figure 4.5 D). Given the difference in scale between
the AFM and nanoindentation measurements (MPa vs. KPa), the relative change in material
properties in regions of immature and hypertrophic chondrocytes was also calculated (Melbourne
et al., 2018; Nigmatullin et al., 2018, 2019; Swift et al., 2018; Gubała et al., 2020; Terry et al.,
2019) (Figure 4.5 B, C, E and F). This trend of increased YM in the 6g spin fish represents a
stiffening of the cartilage following hypergravity exposure during development.
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Figure 4.5: Hypergravity causes a change to material properties of the lower jaw at both the
nano- and micro-scale.
((A) Material property values for immature and hypertrophic chondrocytes in the lower jaw
cartilage of 1g static, 1g spin, 3g spin and 6g spin fish measured by AFM. (B, C) Relative YM
values calculated from AFM measurements for immature (B) and hypertrophic (C) chondrocytes
from 1g static, 1g Spin, 3g and 6g zebrafish (n = 3 for all). Location of measurements taken shown
in schematic above graphs. (D) Material properties determined by nanoindentation in 1g static
and 6g spin zebrafish. (E, F) Relative YM values calculated from nanoindentation measurements
for immature (E) and hypertrophic (F) chondrocytes from 1g static and 6g spin zebrafish (n = 3
for all). Location of measurements taken shown in schematic above graphs in B and C. Data is
mean with SEM (D shows mean with no SEM), D’Agostino and Pearson test performed for all
data, followed by one-way ANOVA in B and C, and within immature and hypertrophic groups in
A. Mann-Whitney u-test performed in D, E and F. ∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤
0.0001. AFM was performed by Rob Harniman and, nanoindentation was carried out by Josepha
Godivier and results were analysed by Elizabeth Lawrence. Figure adapted from (Lawrence et al.,
2021).
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4.2.5 Changes to material properties in fish exposed to hypergravity disrupt
strain distribution through the lower jaw
To assess the effect of gravity on strain distribution through the lower jaw of larval zebrafish, FE
models were generated for 1g static and 6g spin samples. These models simulated jaw opening
and closure in altered gravity conditions and mapped changes to strain pattern in altered gravity
levels. Given that lower jaw morphology was not significantly different in 6g spin fish (Figure 4.2),
the same volumetric model was used for both gravity conditions, with muscle forces calculated
from the maximum force shown in Figure 4.4 (Table 4.1). Muscle forces were calculated using
muscle fibre number and diameter recorded from images in Figure 4.4. Two sets of FE models
were made, one using material property values from AFM (Figure 4.6), and the second using
values from nanoindentation (Figure 4.7). Two methods were used to gather material property
data as I had previously used AFM to measure the material properties of larval zebrafish cartilage
(Chapter 3 Section 3.5.7 but due to new collaborations and access to different equipment, by this
point in my PhD I was able to perform nanoindentation. As nanoindentation was performed on
cryosections which had gone through fewer processing steps than were necessary for AFM, I felt
this gave a more material property value which was closer to the native value, but still wanted to
keep the AFM data for continuity and comparison. To control for the difference in magnitude
between these two methods, the material properties were normalised for each method, with 1g
static hypertrophic chondrocytes set to a value of 1 (Table 4.2). In the resulting models, maximum
principal strain (Emax) is distributed over a large area of cartilage in 1g static fish, whereas in 6g
spin fish it is more localised at the joint (Figure 4.6, 4.7). This pattern of more ‘focal’ strain in 6g
spin fish is seen in the FE models from both methods of collecting material properties, indicating
that a stiffening of the cartilage as a result of hypergravity exposure is sufficient to change strain
distribution through the lower jaw.
Table 4.1: Muscle forces from 1g static and 6g spin larvae used for FE model generation.
Muscle Muscle force (N)1g static 6g spin
Intermandibularis anterior 1.37E-06 1.35E-06
Intermandibularis posterior/hyoideus
(average of both muscles)
1.86E-06 1.68E-06
Adductor mandibulae 2.57E-06 2.57E-06
Values for 1g static and 6g spin fish represent 60% of the maximum muscle force calculated for
each muscle group (Figure 4.4) with the exception of the adductor mandibulae.
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Table 4.2: Material property values of 1g static and 6g spin larvae.
Gravity
condition Method











7.7 mPa 1.0 4.2 mPa 0.52
6g spin 31.0 mPa 4.13 15.2 mPa 2.00
1g static Nano-
indentation
37.39 kPa 1.0 54.8 kPa 1.47
6g spin 62.9 kPa 1.68 52.63 kPa 1.41
Actual material properties acquired by AFM and nanoindentation and the corresponding relative
material property values used to generate FE models. Values represent the mean measurement
across multiple samples from 3 fish from each condition.












































































































Figure 4.6: AFM measurements show that altered strain distribution through the lower jaw of
zebrafish larvae is present in hypergravity conditions.
(A, A’) FE models of maximum principal strain incorporating relative material property values
from AFM in 1g static (A) and 6g spin zebrafish (A’). Black arrowheads = areas of high strain;
black asterisks = jaw joints; red asterisks = Meckel’s symphysis. Ventral and lateral views shown
for opening and closing step in both gravity conditions. Insets to the right of the whole jaw
image show higher magnification images of key areas: Black dashed inset = area of hypertrophic
chondrocytes in the Meckel’s cartilage, red dashed inset = area of immature chondrocytes at
the jaw joint viewed ventrally, yellow dashed inset = area of immature chondrocytes at the jaw
joint viewed laterally. FE models were made by Jessye Aggleton using morphology and material
property data collected by Elizabeth Lawrence. Figure adapted from (Lawrence et al., 2021).
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Figure 4.7: Nanoindentation experiments show that altered strain distribution through the lower
jaw of zebrafish larvae is present in hypergravity conditions.
(A, A’) FE models of maximum principal strain incorporating relative material property values
from nanoindentation in 1g static (A) and 6g spin zebrafish (A’). Black arrowheads = areas of high
strain; black asterisks = jaw joints; red asterisks = Meckel’s symphysis. Ventral and lateral views
shown for opening and closing step in both gravity conditions. Insets to the right of the whole jaw
image show higher magnification images of key areas: Black dashed inset = area of hypertrophic
chondrocytes in the Meckel’s cartilage, red dashed inset = area of immature chondrocytes at
the jaw joint viewed ventrally, yellow dashed inset = area of immature chondrocytes at the jaw
joint viewed laterally. FE models were made by Jessye Aggleton using morphology and material
property data collected by Elizabeth Lawrence. Figure adapted from (Lawrence et al., 2021).
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4.2.6 Changes to material properties in fish exposed to hypergravity disrupt
stress distribution through the lower jaw
Having modelled strain distribution through the lower jaw in different gravity conditions, we
next modelled von Mises stress to measure non-uniform loading through the lower jaw. The
pattern of von Mises stress (S,Mises) was similar to that of the maximum principal strain, with
stress being more evenly distributed through the jaw of 1g static fish compared to 6g spin fish. In
fish from the 6g spin condition, stress is localised to regions already experiencing high stress,
such as the joints and muscle attachment sites (Figure 4.8, 4.9). This is true for both opening and
closing mouth movements, and for both methods of collecting material property values.
Taken together with the observed changes to strain distribution in 6g spin fish (Section 4.2.5),
this suggests that over an extended period of time in altered loading conditions, cartilage and
resulting bones may gradually deform due to the altered loading pattern seen in the elements at
6g, which could lead to changes in cell proliferation or bone remodeling.









































































































Figure 4.8: AFM experiments show that stress distribution through the lower jaw of zebrafish
larvae is present in hypergravity conditions.
(A, A’) FE models of von Mises stress incorporating relative material property values from AFM
in 1g static (A) and 6g spin zebrafish (A’). Black arrowheads = areas of high stress; black asterisks
= jaw joints; red asterisks = Meckel’s symphysis. Ventral and lateral views shown for opening and
closing step in both gravity conditions. Insets to the right of the whole jaw image show higher
magnification images of key areas: Black dashed inset = area of hypertrophic chondrocytes in
the Meckel’s cartilage, red dashed inset = area of immature chondrocytes at the jaw joint viewed
ventrally, yellow dashed inset = area of immature chondrocytes at the jaw joint viewed laterally.
FE models were made by Jessye Aggleton using morphology and material property data collected
by Elizabeth Lawrence. Figure adapted from (Lawrence et al., 2021).
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Figure 4.9: Nanoindentation experiments show that stress distribution through the lower jaw of
zebrafish larvae is present in hypergravity conditions.
(A, A’) FE models of von Mises stress incorporating relative material property values from
nanoindentation in 1g static (A) and 6g spin zebrafish (A’). Black arrowheads = areas of high
stress; black asterisks = jaw joints; red asterisks = Meckel’s symphysis. Ventral and lateral views
shown for opening and closing step in both gravity conditions. Insets to the right of the whole jaw
image show higher magnification images of key areas: Black dashed inset = area of hypertrophic
chondrocytes in the Meckel’s cartilage, red dashed inset = area of immature chondrocytes at
the jaw joint viewed ventrally, yellow dashed inset = area of immature chondrocytes at the jaw
joint viewed laterally. FE models were made by Jessye Aggleton using morphology and material
property data collected by Elizabeth Lawrence. Figure adapted from (Lawrence et al., 2021).
4.2.7 Exposure to altered mechanical loading affects chondrocyte
maturation and behaviour
The impact of altered loading from hypergravity exposure at a cellular level was evaluated by
examining chondrocyte morphology from lower jaw sections stained with Alcian blue (Figure 4.10
A). This revealed that chondrocyte area was significantly reduced in immature and hypertrophic
chondrocytes in 6g fish compared to 1g static fish, with immature chondrocytes at the joint and
Meckel’s symphysis showing the largest area reduction (Figure 4.10 B). Immature chondrocytes
also became significantly less round (Figure 4.10 C). These changes to chondrocyte morphology
are associated with a less mature cell state as chondrocytes increase in area and become less
circular as they intercalate into the centre of cartilage elements and undergo hypertrophy. The
areas of most significant cell morphology change correspond to muscle attachment sites in
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the mid-Meckel’s cartilage and at the jaw joint. This suggests that short exposure to higher
mechanical loads alters chondrocyte behaviour and maturation, which could cause the cartilage
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Figure 4.10: Chondrocyte morphology is altered following short-term exposure to increased
mechanical loads.
(A) Representative images of lower jaw sections including the Meckel’s cartilage and jaw joint
with chondrocytes included in area and circularity measurements outlined in yellow. Black
asterisk = Meckel’s symphysis. (B, C) Quantification of chondrocyte area (B) and circularity (C)
(n = 5 for all, different colours represent individual fish). All data is mean with SEM, Mann-
Whitney u-test performed in B and C. ∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001.
Figure adapted from (Lawrence et al., 2021).
4.2.8 Exposure to increased loading causes subtle changes to the ECM
surrounding chondrocytes
As increased mechanical loading has been associated with higher GAG synthesis and decreased
ECM secretion (Schröder et al., 2019); Alcian blue, Haemotoxylin & Eosin (H & E) staining
was performed on sections of the lower jaw containing the Meckel’s cartilage and/or jaw joint.
This marks GAGs in bright blue, nuclei in deep blue/purple and the cytoplasm in pink. From
brightfield images of these sections (Figure 4.11 A), no changes to GAGs in the lower jaw cartilage
were observed in 6g spin fish compared to 1g static, suggesting secretion of this ECM component
is unaffected by altered loading.
The effect of altered loading and chondrocyte maturity on other ECM components was
examined using Safranin O, Masson’s trichrome, and picrosirius red staining. Proteoglycan
content and mineralisation of the chondrocyte ECM was visualized with Safranin O/ Fast Green
staining which marks the cartilage red, according to the amount of proteoglycan present, and
bone in green (Figure 4.11 A’). From sections with this stain, a subtle change to intensity was
observed between 1g static and 6g fish. This change was quantified in Fiji, revealing fish from the
6g spin condition had a significantly lower Safranin O staining intensity in regions of immature
and hypertrophic chondrocytes despite sample deviation between the three fish (Figure 4.11 B),
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corresponding to a reduction in proteoglycan content. This reduction was more drastic in regions
of ECM surrounding immature chondrocytes (Figure 4.11 B). No areas of bone were present in
the stained sections so no information on bone formation was gathered from this stain.
To examine the effect of altered loading on collagen content in the chondrocyte ECM
Masson’s trichrome staining was used (Figure 4.11 A”). This stain shows collagen in blue, and
measurements of staining intensity showed no significant change to collagen content in the ECM
surrounding immature or hypertrophic chondrocytes in 6g fish (Figure 4.11 C). Alongside
measuring total collagen in the ECM through Masson’s trichrome, picrosirius red staining was
used to give information on the relative amounts of Type I and Type III collagen fibers in the
chondrocyte ECM. Under polarized light, the ECM surrounding chondrocytes in both 1g static
and 6g spin samples appeared red/orange (Figure 4.11 A”’), indicating a predominance of Type I
collagen fibres over Type III (which would give green birefringence).
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Figure 4.11: Subtle changes to the chondrocyte ECM occur in fish exposed to hypergravity. Figure
legend on next page.
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Figure 4.11: (A) Alcian blue, H & E, (A’) Safranin O and fast green, (A”) Masson’s trichrome,
and (A”’) picrosirius red stained ventral sections in 1g static and 6g fish. Asterisk marks centre
of joint, dotted line in (A”’) shows cartilage element outline. Scale bar = 10µm. MC = Meckel’s
cartilage, PQ = palatoquadrate. (B) Quantification of Safranin O staining intensity in regions of
ECM surrounding immature and hypertrophic chondrocytes in 1g static and 6g spin fish (n =
3, each coloured symbol represents multiple values from the same fish). (C) Quantification of
Masson’s trichrome staining intensity in regions of ECM surrounding immature and hypertrophic
chondrocytes in 1g static and 6g spin fish (n = 3, each coloured symbol represents multiple values
from the same fish). Data is mean with SEM, student’s unpaired t-test performed in B and C.
∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001. Figure adapted from (Lawrence et al.,
2021).
4.2.9 Collagen fibre organisation is disrupted in fish exposed to
hypergravity
Alongside histological staining, TEM was carried out on regions of cartilage from the ear (which
is comparable to regions of hypertrophic chondrocytes in the lower jaw) of 1g static and 6g spin
fish. This region of cartilage was used as access to facilities during COVID-19 was severely
restricted, meaning that sections from deeper tissues such as the jaw cartilages were unable
to be collected within the time frame of this project. In micrographs containing hypertrophic
chondrocytes, subtle changes to the collagen fibre packing could be seen (Figure 4.12 A’ and A”)
with fibres appearing more ‘spread out’ in 1g static fish compared to the denser appearance in
6g fish. Upon quantification of the fibre density, no significant change was seen in the number
of collagen fibres per µm2 between 1g static and 6g spin larvae (Figure 4.12 B). Although not
a significant change, the average number of collagen fibres per µm2 was higher in fish from
the 6g spin condition. Again due to COVID-19 restrictions, it wasn’t possible to acquire images
from more than one fish per gravity condition for this thesis, this would need to be completed to
confirm these observations and prior to drawing more solid conclusions.
Taken together with histology results (Section 4.2.8), this data shows that short term exposure
to altered loading through hypergravity causes changes to the ECM on a macromolecular level
in the cartilage. These changes are detectable at the tissue level as altered cartilage material
properties and it is likely that longer exposure to these loading conditions would induce more
pronounced ECM abnormalities and more drastic changes to the cartilage, such as those seen in
OA.
114
4.2. THE EFFECT OF INCREASED MECHANICAL LOADING ON DEVELOPING CARTILAGE







































Figure 4.12: Preliminary results suggest that collagen fibre organisation is disrupted in fish
exposed to hypergravity.
((A’, A”) Electron micrographs of hypertrophic chondrocytes in the ear cartilage of 1g static (A’)
and 6g (A”) zebrafish. Dashed areas = location of higher magnification images on the original
image. Higher magnification images displayed in the right two panels, red lines mark chondrocyte
borders in higher resolution images. Scale bars are shown below each image. (B) Quantification
of number of collagen fibres per µm2 in the ECM of 1g static and 6g fish measured from electron
micrographs in A’ and A” (n = 1 for both). Figure adapted from (Lawrence et al., 2021).
4.2.10 Immune cell number and distribution through the lower jaw is
affected by exposure to hypergravity
After observing changes to the material properties, chondrocyte morphology and ECM of the
craniofacial cartilages, the immune cells surrounding these structures were stained with L-
plastin and imaged using confocal microscopy (Figure 4.13 A). Quantification of these immune
cells showed that fish from the 6g spin condition had significantly more immune cells in the head
region than 1g static, 1g spin or 3g spin fish (Figure 4.13 B). To assess whether these immune cells
were responding to changes to the cartilage, we used a Modular Image Analysis plugin (Cross,
2019) in Fiji. This plugin allowed us to outline the lower jaw cartilage before identifying immune
cells in the image and giving a read out of each immune cell’s proximity to the cartilage (Figure
4.13 A). Analysis of this data shows a significant difference in the distribution of immune cells
in relation to the craniofacial cartilages, with fewer immune cells within 50µm of the cartilage
elements in 6g spin fish compared to 1g static fish (Figure 4.13 C, D). This suggests that the
number of immune cells in the head is not increasing as a direct response to changes in the
cartilage, but most likely due to a stress response to the high level of gravity.
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Figure 4.13: Immune cell number and distribution is altered in zebrafish exposed to 6g.
(A) Ventral confocal image stacks of 1g static and 6g spin zebrafish lower jaws stained with DAPI
nuclear stain and immunostained for L-plastin. Right-hand panel shows MIA plugin output:
blue line = jaw outline, orange = immune cells identified by plugin. Scale bar = 100µm. (B)
Quantification of Immune cells in head from ventral images in (A) (n = 9 for all). (C) Distance of
all immune cells from closest lower jaw cartilage element in 1g static and 6g spin fish (n = 5 for all,
different colours represent individual fish). (D) Parts-of-Whole analysis showing the percentage
of total immune cells identified which fall into each bin, where each bin is an increment of 25µm
further away from the closest cartilage element. Data is mean with SEM in B, mean with no SEM
in C. One-way ANOVA performed in B, Mann-Whitney u-test performed in C, and Chi-squared
test performed in D. ∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001.
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4.3 Are zebrafish with a col11a2 mutation more susceptible to
altered loading?
4.3.1 Lower jaw cartilage morphology is significantly different in col11a2
mutant zebrafish following hypergravity exposure
To examine whether the cartilage of zebrafish carrying a col11a2 mutation was more susceptible
to increased mechanical loading, the morphology of the lower jaw structures was quantified
following exposure to hypergravity. From images of DAPI stained fish (Figure 4.3.1 A’ and A”)
the distinctive shape of col11a2-/- fish (discussed in Section 3.5.2) could be seen in col11a2
homozygous mutants exposed to both the 1g static and 6g condition. Upon quantification of
the lower jaw dimensions, it could be seen that col11a2 homozygous mutants exposed to 6g
had a significantly wider and longer lower jaw than col11a2 homozygous mutants kept under
normal loading conditions and to wild type fish exposed to 6g (Figure 4.3.1 B and C). Joint
morphology was also analysed from these images, with col11a2 homozygous mutants from the 6g
spin condition showing significantly wider Meckel’s cartilage terminal regions at the joint with
the palatoquadrate (Figure 4.3.1 D and E). Measurements were taken at the joint neck of the
Meckel’s cartilage (where the cells start to intercalate, Figure 4.3.1 D) and at the joint head of
the Meckel’s cartilage (widest part of the joint, Figure 4.3.1 E), with both measurement sites in
6g col11a2-/- showing a significant increase when compared to all other genotypes and gravity
conditions.
These results indicate that cartilage in fish with a col11a2 mutation undergoes substantial
morphological changes when exposed to increased loading, suggesting that col11a2 is important
for mechanical resistance of cartilage tissues. This increased susceptibility to loading forces could
lead to accelerated cartilage degeneration and premature OA onset, such as that seen in patients
with Stickler syndrome.
Figure 4.14: col11a2 mutant zebrafish exposed to 6g have significantly different craniofacial
cartilage morphology to wild type fish exposed to 6g.
(A’, A”) Ventral view confocal image stacks of 5 dpf wild type A’ and col11a2-/- A” zebrafish
stained with DAPI following exposure to different gravity levels. Red line shows outline of lower
jaw cartilage elements. Scale bar = 200µm. (B – E) Quantification of jaw morphology including:
jaw length (B); width (C); jaw joint width at the joint neck (D) and jaw joint width at the joint
head (E). Different point colours refer to individual fish in which both jaw joints were measured
in D and E. Data is mean with SEM in B and C, and grand mean (no SEM) in D and E. Student’s
unpaired t-test or Mann-Whitney U-test performed in B – E depending on outcome of normality
test. ∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001.
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In Chapter 3, ECM degradation was observed in larval col11a2 mutant zebrafish experiencing
altered strain distribution in the lower jaw cartilage elements. However, it was still unclear
whether this ECM degradation was caused by the abnormal pattern of strain distribution, or
whether ECM degradation made the cartilage elements more susceptible to changes in load.
In this chapter, I wanted to explore the relationship between ECM structure and mechanical
loading further. To do this, the effect of increasing mechanical load on the chondrocyte ECM in
developing cartilage was studied in wild type fish. Increased mechanical loading in the cartilage
and joints was simulated by exposing larval zebrafish to hypergravity over a key time period
of joint development from 3-5 dpf. This showed that gross cartilage and muscle morphology is
unchanged following a short exposure to increased levels of loading, but that cartilage material
properties are affected over this length of exposure. Subtle differences in the cartilage ECM and
chondrocyte maturation state were also observed in these fish. Over an extended period of time
in hypergravity conditions these cell-level alterations are likely to lead to tissue-level changes
as previous studies have found that longer exposure to non-Earth gravity causes a more severe
musculoskeletal phenotype (Demontis et al., 2017; LeBlanc et al., 2000; Aceto et al., 2015).
An explanation for the lack of gross morphological changes seen in the lower jaw cartilage
elements is that the age at which the zebrafish were exposed to abnormal loading was too late to
affect the initial craniofacial cartilage development (which occurs prior to 3 dpf) and too early
to affect mineralisation in this region (most mineralisation in the lower jaw cartilages occurs
after 5 dpf). This is supported by studies in zebrafish exposed to hypergravity from 5 dpf in
which mineralised craniofacial cartilage elements were reported to be further apart following
hypergravity (Aceto et al., 2015) and a separate study in which simulated microgravity caused
delayed ossification and abnormal vertebral formation in zebrafish (Franz-Odendaal and Edsall,
2018).
The proposal that cartilage abnormalities with increased severity would be present after
longer exposures to abnormal mechanical loading is supported by the change in chondrocyte
morphology reported in this thesis. Following exposure to 6g, chondrocytes in wild type zebrafish
were shown to have reduced area, and circularity compared to fish which were kept under normal
gravity conditions. Altered chondrocyte roundness and volume have been shown to occur prior to
cartilage degeneration in OA (Bush and Hall, 2003; Hall, 2019; Aigner et al., 2007). A reduction
in cell circularity and area of chondrocytes has been linked to changes in ECM secretion (Hall,
2019)). This change in ECM production includes increased Type I collagen, Type X collagen,
alkaline phosphatase secretion, and small proteoglycan synthesis. The resulting ECM is less
mechanically resilient making the cartilage less efficient at absorbing mechanical load and
protecting the underlying bone in the joint (Hunziker et al., 2015; Pitsillides and Beier, 2011).
The fact that areas of immature chondrocytes show larger changes to cell morphology and ECM
components in response to abnormal loading suggests that these cells are more plastic than
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their hypertrophic counterparts. This also adds weight to the argument that exposing younger
zebrafish (< 3 dpf) to hypergravity would yield larger scale changes as chondrocytes in a less
mature state appear to respond to loading changes more drastically.
Osteoarthritis is a multifactorial disease with genetics, mechanical loading (Kujala et al.,
1995; McAlindon et al., 1999; Lane et al., 1999), ageing, gender (Srikanth et al., 2005), weight
(Felson et al., 2000, 1992), and injury (Roos et al., 2001; Lohmander et al., 2004) all known as risk
factors for the disease. Individually, these causes are relatively well understood. However, little
is known about how these risk factors may interact and combine to increase OA risk or lead to
premature disease onset. Having demonstrated in Chapter 3 that a col11a2 mutation in zebrafish
causes shape and material property changes in the developing cartilage resulting in altered
strain distribution through the lower jaw. As these fish also have an altered ECM composition, I
next wanted to investigate whether this change made the cartilage less resistant to the altered
strain and mechanical load it was experiencing through development. Preliminary experiments
in col11a2 zebrafish exposed to 6g hypergravity showed that the cartilage element morphology
was more affected by increased mechanical loading than in wild type fish, or in col11a2 fish
kept in normal conditions. This more drastic morphological change could be interpreted as a
reduced resilience to abnormal load in the cartilage of col11a2 fish. As Type XI collagen loss
causes collagen fibres in the ECM of zebrafish and mice to be less organised and more prone to
degradation (Lawrence et al., 2018; Xu et al., 2003; Baas et al., 2009), this may explain why the











EXPLORING THE RELATIONSHIP BETWEEN GENETICS,
MECHANICAL LOADING AND PAIN IN OSTEOARTHRITIS
This chapter has been significantly impacted by the COVID-19 pandemic, specificallythrough the lack of access to the University of Bristol zebrafish facility during lockdown.This inhibited my ability to record and analyse the swim behaviour of adult zebrafish.
Although I was able to gather substantial data on the larval swim behaviour phenotype (presented
in Sections 5.4.1 and 5.3 of this chapter), I was unable to perform sufficient repeats for the adult
behaviour and analgesic experiments to draw robust conclusions on the role of pain in OA onset.
The sections in this chapter which are most impacted by the pandemic and ensuing access
restrictions are Sections 5.2 and 5.5. Further detail on how each experiment was affected is
presented in the relevant sections and summarised in the general discussion at the end of this
chapter.
5.1 Introduction
During OA progression, the degradation of cartilage, changes to joint architecture such as tendon
and ligament distortion, and inflammation of the synovium lead to joint pain and stiffness.
Amongst OA sufferers, pain is the symptom reported to have the largest impact on their lives.
Nearly 75% of OA patients disclose experiencing constant pain, with 1 in 8 of these people
describing the pain as frequently unbearable (Versus Arthritis, 2019). Not only does the pain
associated with OA affect an individual’s ability to work, but it also impacts on their ability to
perform day-to-day tasks and engage in social activities (Brooks, 2002); all of which are hugely
detrimental to quality of life. As a result of this, pain management is one of the major treatment
challenges in OA patients and new strategies to alleviate pain are constantly being investigated.
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Currently, a mixture of pharmacological (e.g. paracetamol, non-steroidal anti-inflammatory drugs
and opioids) and non-pharmacalogical (e.g. exercise, weight management, heat/cold and surgery)
methods are used to manage pain (Swift, 2012a). Given the complex multifactorial nature of
OA, it is important to understand how causal factors such as genetic mutations and mechanical
loading influence pain so that more personal treatment options can be developed based on an
individual’s situation.
The pain associated with OA is often induced by movement, such as walking or increased
physical activity, however in more advanced stages of the disease patients often experience pain
while resting. The cause of pain in OA is poorly understood, with the source of nociception in
the joint known to be the highly innervated subchondral bone, synovium, joint capsule and the
ligaments and muscles surrounding the joint. In humans, most tissues of the joints are innervated
by A-delta (Aδ), A-beta (Aβ) and C nerve fibres (Swift, 2012b). Each type of fibre is involved
in different types of pain transmission and sensation, with Aδ fibres known to transmit sharp
localised pain (Koltzenburg et al., 1997), Aβ fibres involved in sensing non-painful touch and C
fibres responsible for transmitting dull, aching pain (Beissner et al., 2010). Articular cartilage
is unlikely to directly contribute to the initiation of pain as it is aneural (Sasaki et al., 2019),
rather loss of this to expose the underlying bone and alter the joint architecture is likely to
trigger a pain response. The inflammation present in OA also contributes to pain induction as it
has been shown to reduce the activation threshold of nerve fibres in the joint and stimulate a
fourth class of nerve fibre known as silent nociceptors (Dunham et al., 2008; Grigg et al., 1986;
Schaible and Schmidt, 1988, 1985). Nociceptors are free nerve endings which detect stimuli with
injury causing potential (Sneddon, 1994); these sensitised nociceptors are activated in response
to load bearing, causing pain signals to be transmitted during movement and exercise (Swift,
2012b). Teleost fish, such as zebrafish, have been shown to have multiple subtypes of nociceptors
which are very similar to those in humans and other mammals (Sneddon, 2002; Ashley et al.,
2007; Caron et al., 2008; Gau et al., 2013; Roques et al., 2010). A range of studies have also been
performed confirming behavioural and physiological changes in fish in the presence of painful
stimuli thus leading to the establishment of teleosts as a model for pain and nociception studies.
Specifically, adult and larval zebrafish have been shown to exhibit pain responses to both thermal
and chemical (CO2 infused water or acetic acid exposure) noxious stimuli (Malafoglia et al., 2014;
Lopez-Luna et al., 2017a,b; Correia et al., 2011; Nordgreen et al., 2014).
As shown previously (Chapter 4), mechanical loading plays an important role in normal joint
development and OA progression however little is known about the relationship of altered loading
and pain at the joint. Over extended periods of altered mechanical loading the cartilage ECM
changes, making it more susceptible to degradation, and the architecture of the joint is changed
as a result of altered stress and strain distribution. The inflammation and structural changes
which occur from altered loading are likely to induce pain, however the point of joint degradation
at which patients feel pain is highly variable. It is also possible that pain could contribute to OA
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onset and progression as opposed to simply being seen as a symptom of the disease. When people
feel pain, particularly during certain movements they will usually alter their movement pattern
to avoid this pain, thus altering the mechanical forces imparted on the joint. As this change in
load can significantly alter joint structure and function leading to OA, it can be suggested that
change of joint use as a result of pain could cause an OA phenotype. This raises the possibility of
treating populations at high risk of OA with analgesic agents pre-symptomatically to prevent
mechanically induced joint degeneration. Genetic mutations associated with OA may cause
premature disease onset through changes to joint development and load distribution, such as
those shown to be caused by the col11a2 mutation in this thesis (Chapter 3). It is therefore
important to assess whether these mutations induce a pain phenotype at an earlier age, and
whether this could contribute to accelerated joint degeneration through joint misuse or lack of
movement.
In this chapter, the adult skeleton of zebrafish at key ages will be examined for signs of OA
to confirm the age at which measurable changes are detectable. Analysis of behaviour will be
performed to discern whether changes to skeletal architecture affect swim performance. These
analyses will be carried out on wild type and col11a2 heterozygous and homozygous mutants
to identify whether mutants show premature signs of OA, in line with human patients, and
whether this affects movement in the same way as skeletal changes in aged wild types. Finally,
this chapter will use analgesia to try and rescue any behaviour phenotype in aged wild type
or col11a2 fish to further unpick the role of pain in the movement difficulties suffered by most
people with OA. By gaining a better understanding of how different causes of OA contribute to
pain and what role pain plays in OA progression, treatments to alleviate this severe discomfort
can be better targeted to individual cases.
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5.2 Development of an osteoarthritic phenotype in adult
zebrafish coincides with abnormal swim behaviour
With age, zebrafish have been shown to develop characteristics of OA, including changes to
cartilage and bone properties resulting in spinal deformities (Hayes, 2013). In wild type zebrafish
the incidence of spinal curvatures, vertebral dislocations and abnormal vertebral morphology
have been reported to increase in frequency as fish age, with very few apparent abnormalities
reported at 1-year, some degeneration seen at 2-years and numerous often severe malformations
seen in 3-year old fish (Hayes, 2013). As changes had been observed to the developing skeleton
of col11a2 homozygous mutants (Chapter 3), micro-computed tomography (micro-CT) scans of
adult zebrafish with the col11a2 mutation taken at key ages were analysed to determine whether
adult mutants had a premature OA phenotype.
5.2.1 1-year old col11a2 mutant zebrafish have skeletal abnormalities in the
spine which are reminiscent of human OA
From scans of 1-year old fish, spinal abnormalities can be observed in col11a2 homozygous
mutants (Figure 5.1 A’ and A”). These abnormalities included spinal curvature in the sagittal
and ventral plane, and fusions or misalignments between vertebra (fusions highlighted by red
arrowheads and misalignments by green arrowheads in Figure 5.1 A’ and A”). Upon quantification
of these abnormalities, a significant increase in the number of vertebral fusions was seen between
wild type zebrafish and col11a2 homozygous mutants at 1 year (Figure 5.1 C). When the number
of vertebral fusions was quantified, a difference in the average number of fusions could be seen,
however this difference was not significant (Figure 5.1 B). When the percentage of fish exhibiting
spinal curvature was investigated, col11a2 homozygous mutants showed the highest proportion
of fish with spinal curvature in both planes. In the sagittal plane, 37.5% of homozygous mutants
had spine curvature compared to 0% in the wild type and heterozygous mutants of the same
age (Figure 5.1 D’ - D”’). In the ventral plane, the same percentage of homozygous mutant fish
(37.5%) showed curvature compared to 25% in heterozygous mutants and 28.6% in wild type fish
(Figure 5.1 E’ - E”’). The presence of significantly more spinal fusions and a higher proportion of
fish showing spinal curvatures amongst the col11a2 homozygous mutant population suggests
that the spinal degeneration associated with OA in much older wild type fish occurs prematurely
as a result of the col11a2sa18324 mutation.
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Figure 5.1: Changes to spinal morphology can be seen in col11a2 mutants at 1 year old. Figure
legend on next page.
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Figure 5.1: (A’, A”) Sagittal (A’) and ventral (A”) views of µCT scans from 1-year old wild type
and col11a2-/- fish. Arrowheads show examples of vertebral misalignments (red arrowheads)
and vertebral fusions (green arrowheads). (B, C) Quantification of misalignments (B) and
fusions(C) seen in µCT scans of 1-year wild type, col11a2+/- and col11a2-/- fish (n = 7, 4, and 8
respectively). (D’ – D”’) Proportion of wild type (D’), col11a2+/- (D”) and col11a2-/- (D”’) fish
scans analysed which displayed spine curvature when observed sagitally. Total value under each
pie chart represents 100%, which was 7, 4 and 8 fish for wild type, col11a2+/- and col11a2-/-
respectively. (E’ – E”’) Proportion of wild type (E’), col11a2+/- (E”) and col11a2-/- (E”’) fish
scans analysed which displayed spine curvature when observed ventrally. Total value under each
pie chart represents 100%, which was 7, 4 and 8 fish for wild type, col11a2 +/- and col11a2-
/- respectively. Data is mean with SEM in B and C. One-way ANOVA performed in B and C.
∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001.
5.2.2 After 1-year old, wild type and col11a2 heterozygous mutant fish show
similar skeletal abnormalities
By 1.5-years old, examples of fish with more severe skeletal phenotypes and fish which were
more ‘normal’ (Figure 5.2 A’ and A”) were present in both the wild type and col11a2 heterozygous
mutant population. The increase in skeletal abnormalities observed in wild type fish from 1-year
to 1.5 years old supports previous findings that age alone can induce spinal malformations.
Although the highest number of vertebral fusions and misalignments were seen in col11a2
heterozygous fish at this age, there was no significant increase in these characteristics compared
to wild type fish (Figure 5.2 C). This, along with the fact that the mean number of misalignments
and fusions had more than doubled in the 1.5-year wild types compared to 1-year old wild types
(Figure 5.1 B and C and 5.2 B and C), suggests that the wild type fish were ‘catching up’ with the
col11a2 homozygous mutant phenotype. This pattern was also seen in the incidence of spinal
curvature with 33% of wild type fish showing curvature in the sagittal plane and 44% in the
ventral plane, compared to 25% of col11a2 heterozygous fish in both planes (Figure 5.2 D’ - E”’). At
the time of writing this thesis, scans of 1.5-year col11a2 homozygous mutants were unavailable
for analysis meaning that a full conclusion on how similar the wild type phenotype had become
to that of the col11a2 homozygous mutant could not be made. Having previously shown that
there was no significant difference in the spinal phenotype of wild type and col11a2 heterozygous
mutants at 1-year old (Figure 5.1), it is difficult to make a comment on how the comparative
phenotype is progressing with age.
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Figure 5.2: More spinal abnormalities are present in wild type and col11a2 heterozygous mutant
fish at 1.5-years old. Figure legend on next page.
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Figure 5.2: (A’, A”) Sagittal (A’) and ventral (A”) views of µCT scans from 1.5-year old wild type
and col11a2+/- fish. For each genotype, an example of a more severe and less severe phenotype
are shown to highlight the variety of features seen. (B, C) Quantification of misalignments
(B) and fusions (C) seen in µCT scans of 1.5-year wild type and col11a2+/- fish (n = 9 and 4
respectively). (D’ – D”) Proportion of wild type (D’) and col11a2+/- (D”) fish scans analysed
which displayed spine curvature when observed sagitally. Total value under each pie chart
represents 100%, which was 9 and 4 fish for wild type and col11a2+/- respectively. (E’ – E”)
Proportion of wild type (E’) and col11a2+/- (E”) fish scans analysed which displayed spine
curvature when observed ventrally. Total value under each pie chart represents 100%, which
was 9 and 4 fish for wild type and col11a2+/- respectively. Data is mean with SEM in B and C.
One-way ANOVA performed in B and C. ∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001.
5.2.3 Qualitative analysis of swim behaviour reveals subtle changes to adult
swim behaviour in older fish and those with a col11a2 mutation
Initially, the behaviour of wild type fish was compared at key ages between 1 and 3-years old;
with four distinct behaviours identified as ‘of interest’. As the presence of a col11a2 mutation has
been shown to cause premature OA onset in zebrafish (Section 5.2), these behaviours were also
assessed in col11a2 heterozygous and homozygous mutants at comparable ages to ascertain
whether changes to movement patterns could be detected at an earlier age in these fish. The
selection of ‘behaviours of interest’ was based on previously published behaviour studies in
zebrafish and included: the amount of time spent at the bottom of the tank; the amount of time
spent in the middle of the tank rather than close to the edge; and the amount of time the fish
spent at a standstill. In a ‘normal’ healthy zebrafish we would expect to see almost constant
movement at different depths in the tank with a preference for swimming close to the tank edge.
Presence of the col11a2 mutation prematurely affects vertical positioning of zebrafish
The first behaviour trait studied was the amount of time individual zebrafish spent at the bottom
of the tank (Figure 5.4 A). ‘Bottom dwelling’ behaviour has previously been associated with pain
and stress in zebrafish (Deakin et al., 2019) and constitutes an abnormal movement pattern as
under normal circumstances, zebrafish will change depths regularly with a preference for the
middle and top of the tank (Deakin et al., 2019). Here, we class any activity (swimming or time
at a standstill) in the bottom third of the tank as time spent at the bottom.
When time spent in the bottom third of the tank was quantified in 1-, 2- and 3-year-old wild
types, an increase was seen in the proportion of time spent in this part of the tank from an
average of 30% in 1-year old fish to 85% in 2-year old fish. Although fish spent a higher proportion
of time in the bottom third of the tank at 3-years old than at 1-year old, this increase from an
average of 30% to 50% was not significant (Figure 5.3 A). This lack of significance between 1-year
and 3-year old fish is likely due to survivor bias, as fish with particularly severe
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Figure 5.3: Proportion of video spent at the bottom of
the tank by wild type zebrafish at key ages.
(A) Percentage of recording spent in the bottom third
of the tank by wild type zebrafish at 1-, 2- and 3-year
old (n = 14, 14, 5 moving left to right). Data is mean
with SEM, outliers calculated using ROUT (Q = 1%)
and Kruskal-Wallis test performed. ∗p ≤ 0.05,∗∗ p ≤
0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001.
defects are likely to have died or been
culled due to welfare concerns by this age.
This means that the fish remaining in the
tanks at 3-years old are likely to have
less severe phenotypes, similar to the fish
spending the least amount of time at the
bottom of the tank in the 1- and 2-year-
old groups, allowing them to swim and
feed relatively normally. However, in the
2-year-old tank the fish with the more
severe abnormalities are still likely to be
present causing the much higher average
for time spent at the bottom of the tank.
No data on survival between 2 and 3-
years was recorded over the course of this
thesis, however this information would be
valuable to collect in future to confirm
or refute this conclusion. The increase
in time spent at the bottom of the tank
by fish over 1-year old coincides with
the increase in skeletal malformations
present in wild type zebrafish as OA
progresses (Figures 5.1 and 5.2).
In the presence of the col11a2
mutation, 1-year old zebrafish spent a
significantly higher proportion of time in the bottom third of the tank. The percentage of time
spent at the bottom of the tank increased to an average of nearly 75% in col11a2 homozygous
mutants compared to an average of 30% in wild types of the same age (Figure 5.4 B). In 2-
and 3-year-old zebrafish there was no significant difference between wild types and col11a2
heterozygous mutants (Figure 5.4 C and D). Due to the Covid-19 pandemic, the swim behaviour
of 2- and 3-year old col11a2 homozygous mutants was unable to be recorded as the fish reached
key ages during the national lockdown. Although we would expect to see a milder phenotype
in heterozygous mutants compared to homozygous mutants, the fact that the amount of time
spent at the bottom of the tank by wild types increased at 2- and 3-years old suggest the loss
of significance is due to a change in wild type behaviour rather than a milder phenotype in the
col11a2 heterozygous mutants. As with wild type fish, the 2-year old group had the highest
average time spent in the bottom third, with this pattern again likely to be caused by survival
bias. The earlier onset of swim behaviour changes seen in col11a2 fish compared to wild types
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also aligns with the presence of skeletal malformations at an earlier age in these fish (Figure 5.1).
These results show that as they age, wild type fish have an increased preference for the bottom
section of the tank, potentially reflecting the presence of a pain phenotype as these fish age and
develop OA. In col11a2 mutants, this preference occurs at younger ages than wild type fish, with
1-year old homozygous mutants showing abnormal behaviour normally associated with much
older fish. The loss of significance amongst older fish suggests that at a certain age a ‘threshold’ is
reached where differences caused by genetic mutations may be masked by the ageing phenotype
of wild type fish and survival bias amongst the populations. Although a high percentage of time
was spent at the bottom by some fish this did not constitute a true ‘bottom-dwelling’ phenotype





































































































Figure 5.4: Amount of time spent at the bottom of the tank by wild type and col11a2 mutant
zebrafish of different ages.
(A) Still image from video recording of a 1-year old zebrafish at the bottom of the tank from
a side-on perspective. Fish is circled in red for clarity. (B) Quantification of time spent at the
bottom of the tank by 1-year wild type and col11a2 homozygous mutant fish as a percentage
of the full video length (n = 14 for wild type and 21 for col11a2 homozygous mutants). (C, D)
Quantification of time spent at the bottom of the tank by 2-year (C) and 3-year (D) wild type
and col11a2 heterozygous mutant zebrafish as a percentage of the full video length (n = 14 for
2-year wild type, 26 for 2-year col11a2+/-, 5 for 3-year wild type and 9 for 3-year col11a2+/-).
Data is mean with SEM. Mann-Whitney U-test performed in B and C, unpaired student’s t-test
performed in D. ∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001.
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COINCIDES WITH ABNORMAL SWIM BEHAVIOUR
As sex has previously been implicated in OA onset and pain perception (Wiesenfeld-Hallin,
2005; Boyan et al., 2012; Srikanth et al., 2005), the genotype groups for each age were split into
male and female groups to ascertain whether this played any role in the amount of time spent at
the bottom of the tank (Figure 5.5). Although a significant increase in time spent at the bottom of
the tank was only seen between 1- year female wild type and col11a2 fish, there was a strong
trend amongst males of the same age which mirrored this result (Figure 5.5 A). The absence of a
distinct change between male and female fish of each genotype at this age also suggests that sex
is not a major factor in the behaviour changes seen in col11a2 homozygous mutants at 1-year-old,
with both male and female fish showing an increase in time spent at the bottom of the tank in
the presence of the mutation. Amongst older fish, sex wasn’t shown to be a factor in the amount
of time spent at the bottom of the tank (Figure 5.5 B and C), suggesting that sex has little impact
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Figure 5.5: Sex as a factor in the amount of time spent at the bottom of the tank.
(A) Quantification of time spent at the bottom of the tank by 1-year wild type and col11a2
homozygous mutant fish as a percentage of the full video length. Each genotype is split into
male and female fish for sex comparison (n = 8 , 6, 10, 11 moving left to right across the graph).
(B, C) Quantification of time spent at the bottom of the tank by 2-year (B) and 3-year (B) wild
type and col11a2 heterozygous mutant zebrafish as a percentage of the full video length. Each
genotype is split into male and female fish for sex comparison (n = 8, 6, 10, 16 moving left to
right across the graph in B, and 2, 3, 4, 5 moving left to right across the graph in C). Data is
mean with SEM. Kruskal-Wallis test performed in A and B and one-way ANOVA performed in C.
∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001.
Age and col11a2 mutations affect the preference of fish for ’open water’
The amount of time spent away from the side of the tank was also quantified to explore the
exploratory tendencies of wild type and col11a2 mutant fish at key ages. Eagerness to explore
and spend time away from the shelter of the edge of the tank has been linked to lower levels of
stress and pain in adult zebrafish (Deakin et al., 2019). To assess the tendency of the fish to swim
in open water, fish were recorded in 8-litre Tecniplast tanks (28 x 24 cm) and the percentage of
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the video in which the fish was in the middle of the tank was quantified, with a higher
percentage representing more time spent in ‘open water’ and increased exploratory behaviour.
The tank was zoned into ‘middle’ and ‘edge’ zones with the 4 cm closest to the sides classed as the
edge and anything else classed as the middle (an example of a fish at the edge of the tank and in
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Figure 5.6: Proportion of video spent in ’open water’
by wild type zebrafish at key ages.
(A) Percentage of recording spent in ’open water’ by
wild type zebrafish at 1- 2-, and 3-years old (n = 14,
15, 5 moving left to right). Data is mean with SEM,
outliers calculated using ROUT (Q = 1%) and one-way
ANOVA performed. ∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤
0.001,∗∗∗∗ p ≤ 0.0001.
At 1-year old, wild type zebrafish
spent an average of almost 60% of the
recording in ‘open water’ compared to just
30% at 2-years old and almost 40% at 3-
years old (Figure 5.6 A). The difference
in exploratory tendencies of wild type
fish was only significant between 1 and
2-years old, again suggesting an external
factor such as survival bias was present.
When wild type fish were compared
to col11a2 mutant fish at equivalent
ages, a significant decrease was seen
in the amount of time spent in open
water by 1-year old col11a2 homozygous
mutants compared to wild types of the
same age (Figure 5.7 B). On average,
col11a2 homozygous mutant fish spent
less than 40% of the recording away
from the side of the tank compared
to nearly 60% in wild type fish. By
2-years of age, col11a2+/- fish spent
significantly more time in open water
than age-matched wild types; and at 3-
years old, no significant difference was
seen in exploratory behaviour with both
wild types and heterozygous mutants spending an average of 40% of the recording in open
water (Figure 5.7 C and D). As with the studies into ‘bottom dwelling’, the biggest difference
in behaviour between wild types and mutants was seen in fish at 1-year old, again suggesting
that the col11a2 mutation causes premature onset of abnormal behaviours with wild type fish
‘catching up’ by 2-years old. This trend mirrors the onset of OA-like skeletal malformations in
fish, with col11a2-/- mutants showing a significantly higher number of abnormalites than wild
types at 1-year old. However, by 1.5-years old this difference is reduced (Figure 5.1 and 5.2).
132
5.2. DEVELOPMENT OF AN OSTEOARTHRITIC PHENOTYPE IN ADULT ZEBRAFISH































































































Figure 5.7: Tendency of fish of different ages and genotypes to swim in ‘open water’.
(A) Still image from video recording of a 1-year old zebrafish at the edge of the tank (top image)
and in an ‘open water’ position (bottom image) from a top-down perspective. (B) Quantification of
time spent in the middle of the tank by 1-year wild type and col11a2 homozygous mutant fish as a
percentage of the full video length (n = 14 for wild type and 21 for col11a2 homozygous mutants).
(C, D) Quantification of time spent in the middle of the tank by 2-year (C) and 3-year (D) wild
type and col11a2 heterozygous mutant zebrafish as a percentage of the full video length (n = 15
for 2-year wild type, 26 for 2-year col11a2+/-, 5 for 3-year wild type and 9 for 3-year col11a2+/-).
Data is mean with SEM. Unpaired student’s t-test performed in B and D, Mann-Whitney U-test
performed in C. ∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001.
When the wild type and col11a2 mutant groups were separated by sex, a significant difference
could be seen in the amount of time males and females spent in open water in 1-year old fish
with females showing more exploratory behaviour than males in both cases (Figure 5.8 A). No
significant difference was seen in the exploratory behaviour between male and female fish at 2-
and 3-years old (Figure 5.8 C and D) with all groups spending and average of approximately 40%
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Figure 5.8: Sex as a factor in the amount of time spent in ‘open water’.
(A) Quantification of time spent in the middle of the tank by 1-year wild type and col11a2
homozygous mutant fish as a percentage of the full video length. Each genotype is split into
male and female fish for sex comparison (n = 8 , 6, 10, 11 moving left to right across the graph).
(B, C) Quantification of time spent in the middle of the tank by 2-year (B) and 3-year (C) wild
type and col11a2 heterozygous mutant zebrafish as a percentage of the full video length Each
genotype is split into male and female fish for sex comparison (n = 8, 7, 10, 16 moving left to
right across the graph in B and 2, 3, 4, 5 moving left to right across the graph in C). Data is
mean with SEM. One-way ANOVA performed in A and C, Kruskal-Wallis test performed in B.
∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001.
Activity levels of adult zebrafish are unaffected by age or the presence of a col11a2 mutation
Another behaviour which has been associated with pain is reduced swimming and extended
periods where the fish is at a standstill in the water (Lopez-Luna et al., 2017b; Deakin et al.,
2019). The fish were recorded as being at a standstill when they were not moving in any
direction in the water and showed no signs of active swimming (such as fin or tail movement).
Wild type fish in the 1-year and 3-year groups spent 0% of the video at a complete stop,
compared to an average of nearly 20% of the time at a stop in the 2-year group (Figure 5.9 A).
The 2-year wild type group are anomalous in this analysis, suggesting survival bias alone may
not be causing the difference in behaviour at this age. Although all videos were taken in the
same week, the time of day of the recording and the level of environmental noise was not tightly
controlled, presenting other variables which could have an impact on behaviour. As a result of
the lack of detectable difference in time at standstill, further analyses were not performed as the
outputs were unlikely to be informative or useful for this project.
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Figure 5.9: Proportion of video spent still by wild type zebrafish at key ages.
(A)Percentage of recording spent at a complete stop by wild type zebrafish at 1- 2-, and 3-years
old (n = 13, 16, 4 moving left to right). Data is mean with SEM, outliers calculated using ROUT (Q
= 1%) and Kruskal-Wallis tes performed. ∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001.
5.2.4 Adult zebrafish with the col11a2 mutation show a reduction in swim
speed at an earlier age than wild type fish
Following the qualitative analysis of both the top-down and side-on videos of wild type and
col11a2 mutant fish at key ages, a modular image analysis (MIA) plugin for Fiji was developed
by Stephen Cross (Wolfson Bioimaging Facility, University of Bristol) to give information on the
swim speed and spine curvature of adult fish from the top-down videos (Cross, 2018)). This plugin
segments the fish in the video from the background and tracks the movement between frames
to calculate the instantaneous (frame-to-frame) speed, which could then be averaged across the
length of the recording analysed to give mean swim speed. To calculate curvature, a line was
fitted down the middle of the fish in the position of the spine (this was termed the spline). When
the fish was perfect straight, the value for curvature would be 0 and movements away from this
appear as positive or negative numbers for right and left movements respectively (Figure ?? D).
When the swim speed of wild type fish was compared at 1-, 2- and 3-years old, no significant
change could be seen in the swim speed (Figure 5.10 A). The average swim speed in 1-year old
and 2-year old fish was very similar with both ages having an average speed of approximately
3.5 pixels/frame. In 3-year old fish a decrease in swim speed could be seen to an average of
approximately 2.5 pixels/frame (Figure 5.10 A). Amongst col11a2 mutants, a significant change
in swim speed could be seen between 1-year old col11a2 heterozygous mutants and homozygous
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mutants (Figure 5.10 B), with a difference in the average mean speed of nearly 2 pixels/frame
between these groups. A reduction was seen in the average mean swim speed in 2- and 3-year old
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Figure 5.10: Mean swim speed in wild type and col11a2 mutant zebrafish at key ages.
(A, B) Mean swim speed of wild type (A) and col11a2 mutant (B) zebrafish at 1- 2-, and 3-years
old calculated by the MIA plugin (n = 13, 8, 8 moving left to right in A; n = 4, 13, 10, 6 moving
left to right in B). Data is mean with SEM, outliers calculated using ROUT (Q = 1%) and one-way
ANOVA performed in both graphs. ∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001.
Upon comparison of mean swim speed in age matched wild type and col11a2 mutants, the
only age at which a significant difference was recorded was at 1-year old (Figure 5.11 A, C and
E). Again, we see a pattern of significant change in col11a2-/- mutants at 1-year old, with wild
type fish ‘catching up’ to this phenotype at 2-3-years old. To understand whether swim speed
was affected by changes to the balance of left to right movements at the tail, the proportion of
movements in each direction was analysed by converting the number of left and right movements
to a percentage of total movements. These percentages were then plotted (Figure 5.11 B, D
and F) with the darker portion of the bar representing left movements and the lighter portion
representing right movements to ascertain whether the fish had an unequal balance of movement.
From this it could be seen that wild type fish at 1- and 2-years old followed a similar pattern
to 1-year old col11a2 heterozygous mutants (Figure 5.11 B, D) with the balance of movements
appearing equally balanced between left and right. However, in the oldest wild types, 1-year old
col11a2 homozygous mutants and 2-/3-year old heterozygous mutants this pattern of movement
appeared more disrupted (Figure 5.11 B, D and F). As these groups correspond with the ones
in which the largest change to swim speed was seen, it suggests that abnormal patterns of
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COINCIDES WITH ABNORMAL SWIM BEHAVIOUR
spine flexion could play a part in reducing swim speed of the fish, however further repeats and
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Figure 5.11: Changes to swim speed of col11a2 mutants are detectable at 1-year old. Figure
legend on next page.
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Figure 5.11: (A, C, E) Mean swim speed of wild type and col11a2 mutant fish at 1-year (A),
2-years (C) and 3-years (E) old calculated by the MIA plugin. (In A, n = 13 for both wild types and
col11a2 homozygous mutants, and 4 for col11a2 heterozygous mutants; in C n = 8 for wild types
and 10 for col11a2 heterozygous mutants; in E n = 8 for wild types and 6 for col11a2 heterozygous
mutants). (B, D, F) Balance of left-right tail movements as a proportion of total movements in
wild type and col11a2 mutant fish at 1-year (B), 2-years (D) and 3-years (F). Darker portion
at the bottom of each bar corresponds to movements to the left and lighter portion at the top
of each bar corresponds to movements to the right. Each bar shows the balance of left-right
movements for a single fish (n = 13 , 9, 13 going left to right across the graph in B, n = 8 and
10 in D, and in F n = 8 and 6). Data in A, C and E is mean with SEM, outliers calculated using
ROUT (Q = 1%). One-way ANOVA performed in A, student’s unpaired t-test performed in C and
E. ∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001.
5.2.5 Decreased swim speed in zebrafish could be attributed to abnormal
spinal movements induced by skeletal malformations
Following the hypothesis that changes to spinal morphology could be affecting zebrafish swim
behaviour by altering the ability of fish to curve their spine and propel themselves through the
water, further analysis of spinal curvature was performed. To get a greater understanding of how
spine flexibility may be affected the mean spine curvature, maximum range of spine movement
and the three largest movements in each direction were analysed. To calculate mean curvature,
plugin output values were all converted to positive numbers, preventing the positive and negative
values denoting direction from cancelling each other out. Upon comparison of age matched wild
type and col11a2 mutant fish, the 1-year age group was the only one in which a significant
difference in mean spine curvature could be seen between genotypes (Figure 5.12 A, E and H).
Maximum range of curvature was calculated for each fish by subtracting the largest left
curvature value identified by the MIA plugin from the largest right curvature value. In wild type
fish, the maximum range of movement stayed very similar regardless of age with the averages for
the 1-, 2- and 3-year old fish all between 0.2 and 0.25mm−1 (Figure 5.12 B, F and I). In col11a2
heterozygous mutants, the average maximum range of curvature decreased after 1-year old from
an average of over 0.4mm−1 in 1-year old heterozygotes to under 0.3mm−1 in 2- and 3-year old
heterozygotes (Figure 5.12 B, F and I). As with other behaviours analysed, the only age at which
a significant difference between wild type and col11a2 mutant fish was found was at 1-year old,
with col11a2 homozygous mutants having a significantly increased range of movement compared
to wild types of the same age (Figure 5.12 B, F and I). To check that the maximum movement
range was not being skewed by one abnormally large movement in either direction the 3 largest
curvature values for each direction were plotted for wild types and mutants at 1-, 2- and 3- years
old (Figure 5.12 C, G and J). These graphs showed that the largest movements in all fish at all
ages tended to be closely grouped (i.e. not skewed by an outlier) and equal in both the left and
right direction (i.e. no fish had a preference for making larger movements to just one side).
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Figure 5.12: Abnormal spine curvature is observed in col11a2 mutants at 1-year old.
(A, E, H) Mean curvature of wild type and col11a2 mutant fish at 1-year (A), 2- years (E) and
3-years (H) old calculated by the MIA plugin (n = 13, 4, 13 in A; n = 8 and 10 in E; n = 8 and 6
in H). (D) Schematic to describe how left and right movements are distinguished in the output
from the Fiji MIA plugin. (B, F, I) Maximum tail movement made by wild type and col11a2
mutants at 1-year (B), 2-years (F) and 3-years (I) old (n = 12, 4, 12 in B; n = 8 and 8 in F; n
= 8 and 5 in I). (C, G, J) Graphs to show the three largest movements to the right (positive
values) and three largest left movements (negative values) for wild type and col11a2 mutant fish
at 1-year (C), 2-years (G) and 3-years (J) old. Left and right values for each fish plotted in the
same column with different symbols denoting individual fish (n = 13, 4, 13 in C; n = 8 and 10 in
G; n = 8 and 6 in J). Data in A, B, E, F, H and I are mean with SEM, outliers calculated using
ROUT (Q = 1%) in these graphs. Kruskal-Wallis test performed in A; one-way ANOVA performed
in B; student’s unpaired t-test performed in E, F and I; Mann-Whitney u-test performed in H.
∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001.
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Taken together with the information on swim speed, data from the MIA plugin supports
findings from the qualitative analysis in which col11a2 mutants displayed swim behaviour
changes from an earlier age than wild type fish, in-line with the timing of detectable OA features
being present in the skeleton.
5.3 Movement patterns in col11a2 homozygous mutants are
disrupted from larval stages
5.3.1 Changes in swim behaviour are detectable in larval col11a2-/- mutants
Having observed marked changes to the swim behaviour of col11a2 mutant adults (Section
5.2.3 and 5.2.4), the swim characteristics of larval col11a2-/- mutants were recorded to measure
whether abnormalities were present earlier in development. Individual fish were identified by
the MIA plugin for FIJI (Cross, 2018) and the distance moved in pixels between each frame was
tracked in 5 dpf wild type and col11a2 homozygous mutant larvae to give the mean swim speed
for the video. This plugin also generates images with the tracks assigned to each fish overlaid
which allowed ‘false tracks’ (black asterisks in Figure 5.13 A) to be discounted from the analysis.
From the resulting analyses, col11a2-/- mutant larvae were shown to have a significantly lower
mean swim speed (Figure 5.13 B), suggesting that these mutants swim less than wild types of





















































Figure 5.13: Analysis of mean swim speed in larval wild type and col11a2-/- mutant zebrafish.
(A) Tracks identified by MIA plugin for FIJI in recordings of wild type and col11a2-/- mutant fish
at 5 dpf. Each fish has a track assigned, with individual tracks marked in different colours. Black
asterisks mark tracks which were excluded from analysis due to inaccurate thresholding. (B)
Plugin outputs of mean swim speed for wild type and col11a2 homozygous mutant zebrafish (n =
457 for wild type and 72 for col11a2 -/-). Data is mean with SEM, outliers calculated using ROUT
(Q = 1%). Mann-Whitney U-test performed in B. ∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤
0.0001.
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As the lateral line has a crucial role in locomotion in zebrafish (Whitfield et al., 1996), the
neuromast structures and signalling was studied to check for abnormalities in col11a2-/- mutants
which could explain the reduction in movement at 5 dpf. At a superficial level, the structure of the
lateral line neuromasts in wild type and col11a2-/- mutants was visualised using SEM (Figure
5.14 A). Neuromasts are made up of innervated mechanosensory hair cells (Ma and Raible, 2009)
with sounds and vibrations conveyed through apical hair bundles made up of a single primary
cilium (the kinocilium) which are bordered by smaller stereocilia (Kindt et.al., 2012). From the
resulting images, the number and length of the sensory kinocilia within the neuromasts was
quantified with no change seen in either the number of cilia per neuromast (Figure 5.14 B) or
their length (Figure 5.14 C) between wild type and col11a2 homozygous mutants. There were
also no obvious changes to stereocilia organisation in the neuromasts of col11a2-/- mutants from
these images (Figure 5.14 A). Having found no visible change to the neuromast structures, next
the function of the lateral line neuromasts was tested using the live lipophilic dye FM1-43. This
dye is able to enter hair cells through mechanotransduction (Meyers, 2003), resulting in staining
of functional hair cells for detection (Figure 5.14 D). Upon treatment with this dye, the number
of functional neuromasts in 5 dpf col11a2 homozygous mutants was the same as 5 dpf wild type
larvae (Figure 5.14 E and F). Taken together, this suggests that the reduced swim speed of 5 dpf
col11a2-/- mutants is not due to changes to the lateral line.
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Figure 5.14: Comparison of neuromasts shows no change to the lateral line in col11a2-/- mutants.
Figure legend on next page.
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Figure 5.14: (A) SEM images of a lateral line neuromast from a 5dpf wild type and col11a2-
/- mutant zebrafish. Scale bar = 20µm. (B, C) Quantification of the number of kinocilia per
neuromast (B) and kinocilia length (C) from SEM images in A (n = 3, colours correspond to fish,
individual points represent single neuromasts). (D) Lateral view of whole 5dpf wild type and
col11a2-/- mutant zebrafish stained with FM1-43 and zoom of head region. Right panel shows
a zoom of the head region. Scale bar = 200µm. (E, F) Quantification of functional lateral line
neuromasts (E) and head neuromasts (F) from images in D, area defined as lateral line is shown
by red line and head region is outlined in white in A (n = 5, 4, 5 for wild type, col11a2+/- and
col11a2-/- respectively). Data is mean with SEM. Unpaired t-test performed in B, Mann-Whitney
U-test in C, one-way ANOVA performed in E and F. ∗p ≤ 0.05,∗∗p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗p ≤
0.0001.
5.4 Lidocaine is an effective analgesic in zebrafish
5.4.1 Optimisation of analgesia in zebrafish shows lidocaine to be the most
effective at alleviating pain
In order to unpick the role of pain in altered behaviour, the efficacy of three analgesics was
validated in larvae in accordance with previously published protocols (Lopez-Luna et al., 2017a).
To check the analgesics were having an effect, 5 dpf larvae were exposed to a pain stimulus
(0.1% acetic acid) and their behaviour monitored in the presence and absence of analgesic. The
dose levels of each analgesic were chosen based on previously successful levels published in
(Lopez-Luna et al., 2017a,b). Upon addition of acetic acid, a marked increase was seen in the
mean swim speed of the larvae (Figure 5.15 A) indicating 0.1% acetic acid was sufficient to induce
a pain response in the larvae. Three analgesics were then tested to quantify their efficacy in
reducing the pain response induced by the acetic acid. When treated with 2.5 mg l−1 aspirin,
400µM ibuprofen and 2.5 mg l−1 lidocaine, mean swim speed in larvae was not rescued when
acetic acid was introduced to the danieaus solution (Figure 5.15 B ,C, and purple vs. grey dots in
D), indicating that they had no analgesic effect. However, when treated with 5mg l−1 of lidocaine,
the swim speed after addition of acid was not significantly different to that of fish which were only
exposed to danieaus in the control group (mid-blue vs. grey dots in Figure 5.15 D), confirming
this dose of analgesic was sufficient to alleviate the pain. To check that this concentration of
lidocaine did not affect swim behaviour under normal conditions (i.e. in the absence of a painful
agent), the movement patterns of larvae treated solely with 5mg l−1 lidocaine were analysed and
no difference in swim speed or duration was observed (light blue vs grey dots in Figure 5.15 D)
when compared to the disturbance control (in which danieaus was added in place of the acetic
acid to mimic the movement of liquid induced by this procedure).
To verify that 5mg l−1 lidocaine does not impact on the function of lateral line neuromasts,
live staining with FM1-43 was performed on untreated wild type fish and wild types treated with
lidocaine at 5 dpf (Figure 5.17 A). From these images and the subsequent analysis, no change
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in the number of functional neuromasts could be seen in the lateral line of fish treated with
lidocaine compared to untreated fish (Figure 5.17 A, B and C). As a result of these findings,
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Figure 5.15: Analysis of different analgesic agents identifies lidocaine as the most effective in
larval zebrafish.
(A) Mean instantaneous speed of 5dpf zebrafish larvae in normal housing conditions, after the
introduction of Danieaus solution to control for fluid disturbance, and after the introduction
of 0.1% acetic acid. (B - D) Mean instantaneous speed of 5dpf zebrafish larvae under control
conditions, after the introduction of 0.1% acetic acid, analgesic (either aspirin (B), ibuprofen
(C) or one of two concentrations of lidocaine (D)), and analgesic prior to acetic acid. Conditions
are displayed below each graph with + denoting the presence of the agent. Data is mean with
SEM, outliers calculated using ROUT (Q = 1%) and Kruskal-Wallis test performed for all graphs.
∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001.
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5.4.2 Analgesia has no effect on col11a2 homozygous mutant larval swim
behaviour
As col11a2 homozygous mutant larvae were observed to swim at a slower mean speed than wild
types at 5 dpf (Section 5.3.1), their swim behaviour in the presence of lidocaine was recorded
and analysed. Initially, the efficacy of lidocaine in col11a2-/- mutants was measured to confirm
they responded in a comparable manner to wild types in the presence of the analgesic. To do
this, mutant larvae were exposed to the same 0.1% acetic acid pain stimulus as wild types, with
a marked increase in swim speed recorded under these conditions (Figure 5.16 A). However,
when treated with 5mg l−1 lidocaine prior to the introduction of the pain stimulus, there was
a significant decrease in the swim speed of the mutants (Figure 5.16 A), in line with what was
observed in wild types (Figure 5.15). When the mean swim speed of col11a2-/- mutants treated
solely with lidocaine was compared to the swim speed of untreated mutants, no significant change
was seen in mean swim speed (Figure 5.16 B). The mean speed of these fish was still significantly
lower than all wild type conditions (Figure 5.16 B), leading to the hypothesis that other sensory
defects (such as the changes to inner ear structures discussed in Section 3.6) may be responsible
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Figure 5.16: Analysis of mean swim speed in col11a2-/- mutant zebrafish following lidocaine
treatment.
(A) Plugin outputs of mean swim speed for 5 dpf col11a2-/- mutant zebrafish following treatment
with lidocaine and/or acetic acid (n = 72, 23, 138, 43, 48 moving left to right along the x axis). (B)
Plugin outputs of mean swim speed for 5 dpf wild type and col11a2-/- mutant zebrafish following
treatment with lidocaine and/or acetic acid (n = 457, 95, 50, 72, 23, 48 moving left to right along
the x axis). Data is mean with SEM, outliers calculated using ROUT (Q = 1%). Kruskal-Wallis
test performed in A and B. ∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001.
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The response of lateral line neuromasts in col11a2-/- mutant fish was also studied to check
the function of these structures was not affected in a different manner to those in wild type
larvae. At 5 dpf, col11a2 homozygous mutants were treated with FM1-43 after incubation in
Danieaus or 5 mg l−1 lidocaine and the number of stained neuromasts quantified (Figure 5.17
A”). From this, no changes could be seen to the number of functional lateral line neuromasts in
col11a2 homozygous mutants treated with lidocaine compared to untreated mutants and wild
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Figure 5.17: Treatment with lidocaine has no effect on the number of functional neuromasts in
larval zebrafish.
(A’, A”) Ventral view of 5dpf wild type (A’) and col11a2-/- mutant (A”) larvae incubated in
Danieau’s solution (untreated) or 5mg l-1 lidocaine prior to FM1-43 staining. Scale bar = 500µm.
(B) Lateral line neuromasts on one side of the trunk quantified from images in A, area defined as
the trunk is outlined in red (n = 9, 7, 9, 8 moving left to right on graph). (C) Neuromasts on one
side of the head quantified from images in A, area defined as the head is outlined in white (n =
9, 7, 9, 8 moving left to right on graph). Data is mean with SEM in B and C. One-way ANOVA
performed in B and C. ∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001.
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5.4.3 Treatment with lidocaine doesn’t rescue jaw movement in col11a2-/-
mutant larvae
Following the optimisation of analgesia and the identification of lidocaine as the most effective
analgesic in wild type zebrafish (Section 5.4.1), col11a2-/- mutant zebrafish were treated with
lidocaine to measure the effect of pain relief on jaw movement. From analysis of video recordings,
no change in the number of jaw movements could be seen in col11a2 homozygous mutants treated
with lidocaine compared to untreated mutants, with col11a2-/- mutants from both treatment
conditions making fewer jaw movements (Figure 5.18 A). This was also the case when the type
of movement was taken into account, i.e. mouth or buccal, with significantly fewer movements
being made at the mouth by col11a2-/- mutants regardless of whether they had been exposed
to the analgesic (Figure 5.18 B). No significant difference is seen between the number of buccal
movements made by col11a2-/- mutants compared to wild types under normal conditions, with
the number of movements statistically unchanged following lidocaine exposure (Figure 5.18 C).
As well as number of jaw movements, the effect of lidocaine on the range of jaw movement
in col11a2-/- mutants was also measured to ascertain whether the hypermobility of the buccal
cavity seen previously (Section 3.5.4, Figure 3.9) was a result of pain. Upon measurement of the
maximum movement at both the mouth, and the buccal cavity, no change was seen in the range of
movement following lidocaine treatment (Figure 5.18 D, E). Range of mouth movement in col11a2
homozygous mutants treated with lidocaine remained statistically unchanged from untreated
col11a2 mutants, and from wild types of the same age (Figure 5.18 D) and the increased range
of movement in the buccal region of col11a2 homozygous mutants was not rescued by lidocaine
(Figure 5.18 E). The inability of lidocaine treatment to alleviate the jaw movement defects seen
in col11a2-/- mutants at 5 dpf suggests that pain is not the major contributing factor to this
phenotype, with the abnormal joint morphology of these fish described in Section 3.5.2 more
likely to cause the changes in joint function in the lower jaw. As a result of this, it is likely that
the rapid joint degradation seen in patients with premature OA originates from altered joint
morphology and the resulting change to biomechanics, as opposed to pain causing abnormal joint
use and loading. Therefore, it is unlikely that treating patients with premature OA-associated
mutations with analgesics from a pre-symptomatic stage would affect disease progression.
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Figure 5.18: Analysis of of jaw movements made by col11a2-/- mutant zebrafish following lidocaine
treatment.
(A – C) Quantification of total jaw movements (A), mouth movements (B) and buccal movements
(C) in wild type and col11a2-/- mutant zebrafish from untreated or 5mg l−1 lidocaine treated
conditions at 5 dpf. (D, E) Quantification of the maximum movement made at the mouth (D)
and buccal joint (E) in wild type and col11a2-/- mutant zebrafish from untreated or 5mg l−1
lidocaine treated conditions at 5 dpf. Data is mean with SEM. One-way ANOVA performed in A,
Kruskal-Wallis test performed in B – E. ∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001.
5.5 Immersion in lidocaine appears to have a negligible impact
on the swim behaviour phenotype of adult col11a2
homozygous mutants
Having observed the most drastic differences to swim behaviour in col11a2-/- mutants at 1-
year old (Section 5.2), wild type and homozygous mutant fish of this age were treated with the
optimised dose of lidocaine (Section 5.4.1) to assess the contribution of pain to this behaviour.
Fish were recorded for 2.5 minutes from a top-down and side-on perspective after immersion
in 5mg l−1 of lidocaine for 30 minutes. The resulting videos were analysed manually to see if
the difference in time spent at the bottom of the tank or in open water by col11a2 fish (Section
5.2.3) was rescued by analgesia. Following this qualitative manual analysis, automatic analysis
of the top-down videos were carried out in Fiji as in Section 5.2.4 to detect changes to swim speed
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and fish curvature following treatment with lidocaine. This experiment was carried out in 1-year
old fish as this age consistently showed the largest difference in behaviour between wild type
and mutants and this was the age at which the largest difference in skeletal morphology was
observed (Section 5.2); sex was not taken into account in the analyses as this had been shown to
have little impact on behaviour in previous experiments (Figures 5.5 and 5.8).
This section is the area of my thesis which has been most affected by the COVID-19 pandemic
as I was only able to perform one round of experiments to examine the effect of analgesia on
zebrafish. This meant that I was unable to control for nuisance variables fully. Ideally, I would
have been able to better control for variables such as: time of day treatment and recording
were performed at; level of background noise and vibration; disruption to behaviour caused by
intermittent feeding during lockdown; and disturbances caused by feeding/breeding/general tank
maintenance in the lead up to the experiment. This would have enabled me to draw more robust
conclusions to answer whether pain was an influential factor in the altered movement patterns
observed. However, due to limited access to the fish facility due to COVID-19 it was not possible
to perform these experiments during the time frame of this thesis. As a result, in this section I
present my preliminary findings which could be used to prime and plan future experiments, and
suggest possible explanations for the phenotypes observed which would need further validation
to be confirmed or refuted.
5.5.1 Preliminary qualitative analysis of videos following lidocaine
treatment does not show a rescue of the swim behaviour phenotype in
1-year old fish homozygous for the col11a2 mutation
Treatment of col11a2-/- mutant fish with lidocaine appears to have little effect on vertical
positioning
As 1-year old col11a2 homozygous mutants had been shown to spend a higher percentage of time
at the bottom of the tank than wild types (Figure 5.4 B), this behaviour was quantified before
and after immersion in 5mg l−1 lidocaine for 30 minutes. From this, no significant difference was
seen in the time spent at the bottom of the tank after treatment with lidocaine in wild type or
col11a2 homozygous mutant fish (Figure 5.19 A). However, the significant difference in time
spent at the bottom by untreated wild type and col11a2 fish observed in Figure 5.4 B was lost in
this experiment suggesting an uncontrolled variable such as background noise or time of
recording could also be a contributing factor. A wide spread of data points can also be seen in
both the wild type and col11a2-/- mutant untreated groups, with some fish spending no time in
the bottom third of the tank (Figure 5.19 A). Following lidocaine treatment, all fish spent at least
80% of the time in the bottom third of the tank regardless of genotype. This change in behaviour
could be caused by drowsiness as a result of analgesia or more likely due to a stress response
induced by multiple netting events and tank changes in the lead up to the recording. Although
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these results suggest that pain has little effect on the vertical positioning of col11a2 zebrafish,
further experiments and controls would need to be performed for a final conclusion to be drawn.
Lidocaine causes a reduction in ’open water’ swimming regardless of genotype
Previously, 1-year old col11a2 homozygous mutants were shown to spend an average of 20% less
time in open water compared to wild types (Figure 5.7 B). To understand whether pain was
responsible for this reduction in exploratory tendencies, this behaviour was measured in wild
type and col11a2 homozygous mutant fish which had been immersed in untreated water or in
5mg l−1 lidocaine for 30 minutes. In the untreated groups, the significant decrease in ‘open
water’ swimming of col11a2-/- mutants compared to wild types seen in Figure 5.7 B was
replicated and a striking decrease in ‘open water’ swimming was seen in both genotypes
following lidocaine immersion (Figure 5.19 B). This reduction in time spent away from the side
effectively worsened the col11a2 phenotype with both genotypes spending less than 25% of the
time away from the side (Figure 5.19 B), suggesting that pain is not the most important factor in
this behaviour change. As with vertical positioning, increased stress levels in the fish treated
with lidocaine could explain this stark change in behaviour, as could a decrease in overall activity
levels of the fish.
Activity levels in 1-year old zebrafish appear to be largely unaffected by lidocaine
Although no change in the activity levels of 1-year old col11a2-/- mutants was observed
previously (Figure 5.9), the amount of time spent at a standstill following immersion in lidocaine
was quantified to determine whether changes seen to time spent in open water and at the bottom
of the tank could be attributed to lower activity levels. Following quantification of time spent at a
complete stop by wild type and col11a2 homozygous mutants immersed in 5mg l−1 lidocaine for
30 minutes, no significant difference could be seen (Figure 5.19 C) with only a slight increase in
time spent at a standstill following lidocaine treatment seen in both genotypes. This suggests
that the change in behaviour seen as a result of lidocaine immersion in Figures 5.19 A and B is
not caused by lower activity levels in these fish. It also suggests that lidocaine does not induce
drowsiness in adult fish, suggesting this could be discounted as a cause for the abnormal
behaviour.
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Figure 5.19: Treatment with Lidocaine causes subtle changes to observed behaviour in 1-year old
fish independent of the col11a2 phenotype.
(A) Quantification of time spent at the bottom of the tank by 1-year wild type and col11a2
homozygous mutant fish before and after treatment with 5mg l−1 lidocaine as a percentage of the
full video length (n = 28, 14, 39, 18 moving left to right across the graph). (B) Quantification of
time spent in the middle of the tank by 1-year wild type and col11a2 homozygous mutant fish
before and after treatment with 5mg l−1 lidocaine as a percentage of the full video length (n = 28,
13, 38, 18 moving left to right across the graph). (C) Quantification of time spent at a standstill
by 1-year wild type and col11a2 homozygous mutant fish before and after treatment with 5mg
l−1 lidocaine as a percentage of the full video length (n = 28, 14, 38, 17 moving left to right across
the graph). Data is mean with SEM, outliers calculated using ROUT (Q = 1%). Kruskal-Wallis
test performed in all graphs. ∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001.
5.5.2 Preliminary automated analysis of fish treated with lidocaine shows
no change in swim speed or spinal curvature in response to analgesia
Top-down videos of 1-year old wild type and col11a2 homozygous mutant zebrafish swimming
after treatment with 5mg l−1 lidocaine for 30 minutes were analysed as previously (Section 5.2.4)
with the MIA plugin (Cross, 2018) to assess the effect of analgesia on swim speed, left-right tail
movements and spinal curvature. From the resulting outputs no significant change could be seen
to swim speed in wild type or col11a2 homozygous mutants after lidocaine treatment (Figure 5.20
A), suggesting that the reduction in swim speed seen previously between wild type and mutant
fish at 1-year (Figure 5.11 A) was not caused by pain. Similarly, no difference was seen between
mean curvature and maximum range of curvature in col11a2-/- mutants (Figure 5.21 A and B),
again suggesting that the behaviour phenotype observed in Section 5.2.4 is as a result of the
skeletal malformations present in these mutants and the resulting changes to biomechanics as
opposed to pain induced by these abnormalities.
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Figure 5.20: Immersion in lidocaine does not affect mean swim speed or proportion of left-right
tail movements in col11a2-/- mutants.
(A) Mean swim speed of wild type and col11a2 homozygous mutant fish at 1-year old calculated
by the MIA plugin. Lighter blue and red points represent untreated fish, darker blue and red
points represent fish treated with 5mg l−1 lidocaine (n = 7 for both untreated groups and 9
for both lidocaine groups). (B) Balance of left-right tail movements as a proportion of total
movements in wild type and col11a2 homozygous mutants at 1-year old. Darker portion at the
bottom of each bar corresponds to movements to the left and lighter portion at the top of each
bar corresponds to movements to the right. Each bar shows the balance of left-right movements
for a single fish (n = 7 for both untreated groups and 9 for both lidocaine groups). Data in A is
mean with SEM, outliers calculated using ROUT (Q = 1%). One-way ANOVA performed in A.
∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001.
As with the qualitative analyses performed as part of the lidocaine rescue experiment, the
significant difference between swim speed, mean curvature and maximum range of curvature in
untreated wild type and col11a2 homozygous mutant fish recorded in previous experiments was
not seen here. The balance of left and right tail movements also seemed to follow less of a pattern
compared to the proportions previously observed (Figure 5.20 B; 5.21 C; 5.11 B, D, F; 5.12 C, G,
J), giving some evidence that the swim behaviour amongst all fish in this experiment was more
erratic due to an external factor. To confirm that lidocaine was having no effect of swim speed,
further repeats will need to be carried out and other variables such as background noise may























5 mg l-1 Lidocaine - - ++
Wild type col11a2 -/-






















5 mg l-1 Lidocaine - - ++
Wild type col11a2 -/-



















5 mg l-1 Lidocaine - - ++
Wild type col11a2 -/-
Effect of lidocaine on the three largest left 
and right movements
A CB
Figure 5.21: Preliminary data suggests curvature of adult col11a2-/- mutants is unaffected by
immersion in lidocaine.
(A) Mean curvature of wild type and col11a2 homozygous mutant fish at 1-year old calculated
by the MIA plugin. Lighter blue and red points represent untreated fish, darker blue and red
points represent fish treated with 5mg l−1 lidocaine. (B) Maximum tail movement made by wild
type and col11a2 homozygous mutants treated with lidocaine at 1-year. (C) Graph to show the
three largest movements to the right (positive values) and three largest left movements (negative
values) for wild type and col11a2-/- mutant fish with or without lidocaine treatment. Left and
right values for each fish plotted in the same column with different symbols denoting individual
fish. Light blue background = untreated wild type, dark blue background = lidocaine treated wild
type, light red background = untreated col11a2 homozygous mutants, dark red background =
lidocaine treated col11a2 homozygous mutants. For all graphs n = 7 for both untreated groups
and 9 for both lidocaine groups. Data in A and B are mean with SEM, outliers calculated using
ROUT (Q = 1%) in all graphs. Kruskal-Wallis test performed in A, one-way ANOVA performed in
B. ∗p ≤ 0.05,∗∗ p ≤ 0.01,∗∗∗p ≤ 0.001,∗∗∗∗ p ≤ 0.0001.
5.6 Discussion
Following on from the musculoskeletal phenotype of larval col11a2-/- mutant zebrafish in Chapter
3, I wanted to investigate whether malformations reminiscent of Stickler syndrome could be
seen in adult zebrafish. From microCT scans of adult fish it was found that the largest difference
in skeletal phenotype was seen between 1-year old wild type and col11a2 fish. This difference
consists of a much higher incidence of vertebral fusions and regions of spinal curvature in the
col11a2 homozygous mutants. Regions of spinal curvature were visible in the col11a2 mutants in
both the ventral and sagittal plane, suggesting that the curvatures present are comparable to
both scoliosis and kyphosis in humans. Loss of Type XI collagen has previously been associated
with vertebral fusion and spinal curvature alongside incomplete vertebral mineralisation in mice
with a Col11a1 mutation (Hafez et al., 2015). One mechanism by which this is likely to occur
is through perturbed endochondral ossification as a result of Type XI collagen loss (Seegmiller
and Monson, 1982) which would lead to disrupted microarchitecture in the resulting bone and
higher susceptibility to vertebral collapse/fusion. Although the bone mineral density of the spine
is not presented here, unpublished data from the Hammond lab indicates that col11a2 mutant
zebrafish have altered bone mineral density and an altered propensity to withstand extreme load
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As well as affecting endochondral ossification and the resulting bone, loss of Type XI collagen
may cause spinal curvature by disturbing intervertebral disc (IVD) formation or homeostasis.
IVD degeneration is commonly seen in humans with spinal curvature. Given the fact that Type
XI collagen is present in human IVDs (Mio et al., 2007), along with previous evidence that loss of
Type XI collagen can cause ECM degeneration and tissue instability (Lawrence et al., 2018; Xu
et al., 2003; Baas et al., 2009), it is possible that tissues other than articular cartilage become
less robust when Type XI collagen is lost. In addition to the structural changes associated with
Type XI collagen loss, COL11A1 expression has previously been associated with a loss of Pax1
expression and a down regulation of other ECM components in mice (Wise et al., 2020). Cells
expressing Pax1 are found in the annulus fibrosus of IVDs (Sivakamasundari et al., 2017) and
mutation of this gene results in a phenotype of scoliosis, mid kink tail and lack of vertebrae
in the lumbar and thoracic regions (Adham et al., 2005; Wilm et al., 1998; Wallin et al., 1994;
Balling et al., 1988). This loss of key ECM components during spinal development could result in
aberrant notochord segmentation and intervertebral disc development resulting in the spinal
phenotype seen in col11a2 mutant fish and humans with Type III Stickler syndrome.
After discovering changes to the skeleton in the spinal region of adult col11a2-/- mutant
zebrafish, the swim behaviour of wild type and col11a2-/- mutant fish at 1-year old was recorded
to determine whether detectable changes to movement pattern were also present. Detectable
changes between the wild type and col11a2 homozygous mutant behaviour were found, both in
the exploratory tendencies of the fish and the range of body movement while swimming. Generally,
col11a2-/- mutants were found to be less exploratory, swim at a slower speed and curve their
spines to a greater degree than their wild type counterparts. The decrease in swim speed was
mirrored when the swim behaviour of larval col11a2-/- mutants was measured, although this
change is more likely to be due to the inner ear abnormalities presented in Chapter 3 as the spinal
structures are not fully formed at this age. The lower jaw joint was also found to be hypermobile
in col11a2-/- mutant larvae, which combines with extended range of spinal movement in adults
to give another phenotype in common with human Type III Stickler syndrome. Patients with this
disorder have been shown to have joint hypermobility as young adults which develops to joint
stiffness over time (Stickler et al., 1965; Cattalini et al., 2015).
One explanation for the increased flexibility in the larval jaw joint and the adult spine
is changes to tendon and ligament structure resulting from loss of Type XI collagen in the
ECM. Joint laxity was observed in a tendon specific Col11a1 conditional knockout mouse line
(Col11a1ten/ten), which accurately recapitulated the human phenotype as these joints then became
stiff with age, leading to hind-limb dragging (Sun et al., 2020). Interestingly, these mice also
displayed a reluctance to explore the cage which the authors hypothesised to be due to a pain
phenotype (Sun et al., 2020). The pattern of increased joint movement followed by a significant
decrease in movement range with age may go some way to explain why a reduction in spine
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mobility was seen in 2- and 3-year old col11a2 heterozygous mutant zebrafish compared to
1-year old homozygous mutants. Type XI collagen has been shown to present in tendons and
ligaments (Bernard et al., 1988), having a key role in regulating collagen packing and fibril
diameter (Fessler et al., 1985; Gregory et al., 2000; Luo and Karsdal, 2016; Sun et al., 2020) that
loss of this protein through Col11a1 knockout in mice causes dysregulation of collagen diameter
and spacing in tendons (Sun et al., 2020); it is reasonable to suggest that tendon structure and
function is affected by Type XI collagen loss in col11a2 mutant zebrafish. The perturbed collagen
organisation in tendons lacking Type XI collagen may mean that tendons become ‘looser’ and less
able to stabilise the joint leading to the hypermobility observed in this thesis. Over time, this
would put more pressure on the joint causing more rapid degeneration and the stiffness seen
in Stickler syndrome patients. In future, it would be valuable to investigate tendons in col11a2
mutant zebrafish in more depth as mutations in COL11A1 and COL11A2 have also been linked
to tendinopathy in humans (Saunders et al., 2016; Hay et al., 2013).
The identification of specific swim behaviour traits in aged and mutant zebrafish is useful
on two levels. Firstly, it provides us with a better understanding of how joint mechanics may be
affected in the early stages of OA onset and how this may worsen disease progression over time.
Secondly, it provides a non-invasive tool to identify and follow fish with skeletal malformations
and OA onset without having to cull the animal for radiographic imaging. This presents a highly
valuable tool going forward, not only for monitoring the age at which OA occurs in fish with
different mutations and how it progresses with age in the same fish but also for monitoring the
welfare of fish going forward.
The experiments performed in the chapter to identify the adult skeletal phenotype and
behavior phenotype of col11a2 mutant zebrafish are relatively complete and were fairly unaffected
by COVID-19 restrictions. The set of experiments into the role of pain in the movement phenotype
in col11a2 mutant adult fish were the most affected as restrictions and reduced fish facility access
coincided with these the most. This meant that fewer repeats were able to be performed and
that the fish were exposed to some variables which may have impacted their behaviour. These
variables included a change to the feeding schedule of the fish from 3 times a day to 1 time a day
during lockdown and a reduction in handling which can make fish more stressed in response to
future handling events such as netting to move them between tanks. This may explain why the
significant difference in behaviour between 1-year old wild type and col11a2 homoztygous mutant
zebrafish was lost. As a result of this apparent loss of phenotype, I was unable to ascertain
whether pain played a role in the change in movement pattern as there was no initial difference
to rescue with lidocaine treatment. Upon completion of the extra repeats required to complete
this section fully, I expect to see a marginal rescue of the swim behaviour phenotype in col11a2-/-
mutants by treatment with lidocaine. However, I would not expect to see a full rescue I believe it
is more likely that the morphological and structural changes in the musculoskeletal system of












This chapter will discuss the importance of collagens in Stickler syndrome and early onsetOA, focusing on a Type XI collagen mutant col11a2sa18324 and mechanical loading onearly onset OA. It will explore possible mechanisms by which loss of type XI collagen
from the ECM and altered loading conditions may cause the phenotypic changes presented in
this thesis. It will summarise the results as well as highlighting areas where this work supports
and expands upon existing literature and knowledge of human conditions. Finally, it will address
future studies which could provide further insight into OA onset.
6.1 Thesis summary
In this thesis I set out to investigate the role of the Stickler syndrome associated gene COL11A2
in skeletal development and homeostasis. In Chapter 3 I described the col11a2sa18324 mutant
phenotype, showing that larval zebrafish with this mutation have changes to craniofacial cartilage
morphology and ECM composition during development which lead to a Stickler syndrome-like
phenotype in later development and adulthood. In Chapter 4 I explored the role of increased
mechanical loading, as a result of hypergravity conditions, in skeletal patterning. I reported
subtle changes to ECM composition, structure and material properties as well as changes to
chondrocyte maturation as a result of these conditions. Finally, in Chapter 5 I began to explore the
link between skeletal phenotypes, pain and behaviour demonstrating that the skeletal phenotype
associated with the col11a2 mutation causes detectable behaviour changes in adults and larvae
which appear to be independent of pain.
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6.2 The combination of col11a2 mutation and the associated
mechanical loading changes cause a premature OA
phenotype in zebrafish
The Col11a2 chain is one of three a chains which make up type XI collagen, a fibrillar collagen
which is crucial for type II collagen fibre spacing and nucleation (Von Der Mark, 2006; Gregory
et al., 2000; Fessler et al., 1985; Luo and Karsdal, 2016). In humans, mutations in COL11A2 are
associated with type III Stickler syndrome (Vikkula et al., 1995; Sirko-Osadsa et al., 1998), with
midface hypoplasia, cleft palate, joint hypermobility, scoliosis and sensorineural hearing loss all
associated with this form of the disease (Acke et al., 2014; Sirko-Osadsa et al., 1998; Van Camp
et al., 2006). Interestingly, these patients also develop severe early onset OA (Couchouron and
Masson, 2011) offering a unique opportunity to model the importance of different causal factors
of this disease and how they may combine to accelerate disease onset. Mouse models for some
type XI collagen mutations have been characterised, with the Col11a1 mutant chondrodysplasia
(Cho-/-) mouse being neonatally lethal and displaying shorter limb bones and snouts, cleft palate
and misassembly of collagen fibrils in the cartilage (Seegmiller et al., 1971; Fernandes et al.,
2007). These mice have a deletion downstream of the translation initiation codon of Col11a1
which results in a frameshift and the introduction of a premature stop codon (Li et al., 1995). A
functional knockout of Col11a1 has been assumed in these animals (Li et al., 1995; Fernandes
et al., 2007). Transgenic mice with a targeted disruption in Col11a2, which results in a null allele
of Col11a2, show hearing loss and a milder skeletal phenotype than the Cho strain, which is
consistent with Stickler syndrome (McGuirt et al., 1999). Previously, morpholino knockdown of
col11a1 has been performed in zebrafish (Baas et al., 2009) but the skeletal phenotype of stable
mutants for col11a1 and col11a2 has not been described. Here it is reported that in zebrafish
with a C>A point mutation in the triple helical domain of col11a2 the distinct phenotype of Type
III Stickler syndrome is recapitulated. This point mutation introduces a premature stop codon
and leads to the formation of a truncated protein in col11a2 mutant zebrafish. In larval stages
these fish show altered craniofacial cartilage morphology, with a broader face shape than wild
types, a loss of joint space, and joint hypermobility as a result of this altered architecture. Ear
defects are also present at this age and are likely to cause some loss of sensory ability, going
some way to explain the abnormal swim behaviour seen in larvae. Larval col11a2 homozygous
mutants also show altered strain distribution through the lower jaw cartilage elements, the likes
of which can cause subtle changes to the cartilage ECM further worsening the mutant phenotype.
In adult col11a2 mutants early onset OA and a higher incidence of scoliosis is seen compared to
wild type fish, leading to abnormal movement.
To exploit the imaging potential of the zebrafish model and unpick the changes happening at a
cellular and tissue level through development to further understand premature OA onset, stable
mutant lines first had to be characterised. In Chapter 3, the col11a2sa18324 zebrafish mutant was
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characterised to assess phenotypic similarities to humans with COL11A2 mutations. A broader,
flatter craniofacial shape was observed in these fish along with abnormal joint morphology and
function, aberrant cartilage ECM and premature OA onset. From this there were deemed to
be good similarities between the zebrafish and human phenotype to justify use of this model to
investigate early onset OA.
One of the most prominent phenotypes seen in these mutants was changes to lower jaw joint
morphology and a loss of joint space from 5 dpf, with the phenotype worsening by 7 dpf. This
change to architecture was not attributed to excess proliferation, instead studies of chondrocyte
morphology in the lower jaw suggest it is due to a slower rate of chondrocyte maturation in col11a2
zebrafish. This ties in with the observation of fewer hypertrophic chondrocytes in the growth
plate of Cho+/- mice (Xu et al., 2003) and the failure of chondrocytes to undergo hypertrophy and
form organised stacks in the craniofacial cartilages of col11a1 morpholino injected larvae (Baas
et al., 2009). The hypothesis that chondrocyte maturation plays a role in craniofacial morphology
is supported by the fact that shape defects occur in col11a2 mutants during the same window
as hypertrophic differentiation of chondrocytes. During this window chondrocytes intercalate
to form stacks and a rich cartilaginous ECM is produced. As type XI collagen has previously
been shown to be a critical component in this matrix (Li et al., 1995; Baas et al., 2009), this may
provide some explanation as to why chondrocytes remain in a more immature state for longer in
col11a2 mutant zebrafish lacking the type XI collagen protein.
Alongside changes in maturation, chondrocytes in col11a2 mutant larvae were also found to
protrude beyond the normal cartilage element boundary, a sign that the cells were not
intercalating into the lower jaw elements correctly. Similar protrusions, which resemble
hereditary multiple exostoses (HMEs), have been defined in the dackel (ext2/dak) and pinscher
(pic) zebrafish mutant lines (Clément et al., 2008). In both mutants the craniofacial cartilage
elements were shorter and thicker than wild type fish, with chondrocytes failing to intercalate
into stacks. As both these lines have mutations in genes affecting ECM component synthesis and
modification (heparan sulphate synthesis in dackel mutants and glycan sulphation in pinscher
mutants) (Clément et al., 2008), it is possible that loss of type XI collagen affects components of
the ECM outside of the collagen family. Although GAGs were found to be unchanged in col11a2
mutants at 5 and 7 dpf, it would be interesting to perform further analysis of other matrix
components to ascertain their role in regulating chondrocyte behaviour and to test whether late
changes occur downstream of aberrant loading.
One way in which alterations to ECM composition or structure may affect chondrocyte
maturation is through changes to ECM-cell signalling. In mice, a loss of α10β1 integrin
expression was accompanied by disrupted chondrocyte stacking and a more rounded chondrocyte
morphology in the growth plate (Bengtsson et al., 2005), defects which are reminiscent of those
seen in zebrafish col11a1 morphants (Baas et al., 2009)) and the stable col11a2 mutant line
presented in this thesis. Integrins are essential for mechanotransduction as they directly connect
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the intracellular actin cytoskeleton to collagen molecules in the ECM (Sun et al., 2016). These
interactions allow changes to mechanical load in the ECM to be received by cells, triggering
mechanically-induced responses including polarity changes, migration and differentiation
(Hoffman et al., 2011). Loss of type XI collagen and the subsequent degradation of type II
collagen seen in col11a2 mutant zebrafish may affect integrin signalling preventing chondrocytes
receiving mechanical cues to undergo hypertrophy.
Mechanical loading has previously been shown to have an important role in cell maturation
and organisation through development; raising the possibility that the morphological changes
seen in the developing cartilage of col11a2 mutants is exacerbated by aberrant cellular responses
to strain. This hypothesis is given further weight by the observation that col11a2 mutant
zebrafish show abnormal strain through the lower jaw elements, particularly in the areas where
chondrocyte morphology and maturation is most different to that of wild type fish. The sustained
loss of joint space in col11a2 mutants as a result of abnormal load may in part be triggered
by the abnormal jaw movement pattern seen from 5dpf. Jaw movement commences from 3 dpf
and becomes regular by 5 dpf in zebrafish (Brunt, 2015). This frequent movement in developing
joints of chick, mice and fish has been shown to be essential for joint cavitation, joint space
maintenance and correct joint morphology development (Roddy et al., 2011; Kahn et al., 2009;
Brunt, 2015; Brunt, Roddy, Rayfield and Hammond, 2016; Rolfe et al., 2021). The mechanisms
by which embryonic movement facilitates correct joint development are extensive, with studies
showing that movement is essential for: determining the expression of joint specification genes
such as Col2a1, Gdf5, Sox9, Bmp2 and HAS2 (Roddy et al., 2011; Kahn et al., 2009; Khan et al.,
2016); and regulation of signalling pathways such as the Wnt and BMP pathways (Rolfe et al.,
2021, 2014; Brunt et al., 2017). In general, immobilisation of chick and mouse embryos causes
perturbed gene expression such that expression of genes which normally mark the joint interzone
(including HAS2, Bmp2, Gdf5) is lost; and expression of genes which are normally constrained to
the cartilage rudiments becomes more diffuse across the chondrogenous layers and interzone
(Roddy et al., 2011; Kahn et al., 2009). The significant reduction in jaw movement in col11a2
mutants means that less dynamic force is being exerted on the cartilage by muscle contractions
and the chondrocytes are not receiving the mechanical signals which trigger maturation. The
presence of type II collagen protein outside the lower jaw cartilage elements, loss of joint space
and abnormal joint shape seen in col11a2-/- larvae further indicates that accurate morphogenesis
is unable to occur in col11a2 mutants. Although a screen of gene expression at the joint was
not performed in this thesis, in future it would be incredibly valuable to assess whether the
expression of mechanosensitive genes is altered in the developing joint of col11a2-/- zebrafish.
Due to the ECM and joint changes present in col11a2-/- fish, which are comparable to the
phenotype of joints from immobilised chick and mice embryos, I would expect to see a change in
the pattern and level of gene expression in response to the altered jaw movement presented in
Chapter 3.
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Alongside changes to mechanical load and movement, ECM degradation could also contribute
to the changes to chondrocyte behaviour and joint formation in col11a2 mutants. Although no
changes to type II collagen expression or protein distribution were seen at 3 or 4 dpf, a loss of
protein in the lower jaw cartilage was seen from 5 dpf. As type XI collagen has previously been
shown to be important for type II collagen maintenance (Blaschke et al., 2000) it is likely that loss
or modification of type XI collagen fibres as a result of mutations in col11a2 make type II collagen
more prone to degradation. One way in which type II collagen could be more readily degraded is
through increased access of MMPs, such as the collagenases MMP-1, -8 and -13 (Manka et al.,
2019), to type II collagen fibrils as a result of altered packing in the absence of type XI collagen.
To assess how this loss of type II collagen affected the ECM as a whole the cartilage material
properties were investigated using AFM, transgenic reporters were imaged, and
immunohistochemistry performed for key matrix components. From this, an increase in cartilage
stiffness was observed but no changes to mineralisation onset or presence of other matrix
components was found. Through finite element modelling this change to material properties was
also seen to have an impact on strain distribution through the cartilage elements, leading the
hypothesis that a ‘positive feedback’ loop was present in col11a2 mutants. In this ‘loop’ the
col11a2 mutation causes changes to cartilage morphology and material properties which act to
alter the movement of the jaw and distribution of load through the cartilage. These changes to
load distribution then cause further changes to the cartilage and joint, worsening the phenotype
rapidly over time (Figure 6.1). This goes some way to explain the premature OA seen in Stickler
syndrome patients as two risk factors: genetic mutation and mechanical loading combine to
accelerate joint degeneration. The theory of compounding risk factors of OA is supported by
conditions such as DDH, which have a high degree of heritability (Li et al., 2013) and lead to
accelerated hip OA onset as a result of abnormal joint shape (Jacobsen et al., 2005). Joint shape
has also been shown to be important in OA onset through the study of acetabular dysplasia, with
some studies suggesting that between 25 and 40% of all hip OA cases result from shape changes
in the acetabular cup (Murray, 1965; Stulberg, 1975; Giori and Trousdale, 2003). In the cartilage
of young adults with acetabular dysplasia, an increase in OA markers such as tenascin-C and
cartilage oligomeric matrix protein (COMP), as well as increased expression of type I and type II
collagen is observed prior to radiographic evidence of OA (Wagner et al., 2003). These changes
are comparable to those seen in patients with advanced OA, suggesting that ECM changes in
tandem with joint shape can contribute to early OA onset.
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Figure 6.1: Effect of type XI collagen loss on cartilage degradation and OA onset through a
proposed ’positive feedback’ loop
6.3 Alterations to mechanical load alone are unlikely to cause
the severe premature OA seen in Stickler syndrome
patients without the presence of other disease risk factors
From the results collected in Chapter 3, the relationship between ECM degradation and
mechanical load distribution in was still unclear. To explore how one factor could be affecting the
other further, the effect of load on the ECM surrounding chondrocytes in developing cartilage
was studied in wild type fish to remove the confounding factor of the col11a2 mutation.
Hypergravity was used to simulate increased loading in the cartilage and joints over a key time
period of joint development in zebrafish (3-5 dpf). During this time period jaw movement
becomes established in zebrafish and the jaw joint becomes a more defined structure with a clear
interzone and rudiment termini. Following this exposure, the material properties of the cartilage
were probed using AFM and nano-indentation, with histology and TEM used to investigate ECM
composition and organisation. This length of hypergravity exposure did not result in any gross
morphological changes to cartilage or joint morphology in wild type fish, likely to be because the
length of exposure was not sufficient for larger scale remodelling. Previous studies have shown
that extended exposure to abnormal loading conditions is required for remodelling to take place
at the whole tissue level as opposed to at a cellular level which is what was observed here.
Vertebrates also show reduced resilience to mechanical load as they age, suggesting that
exposing older zebrafish to the same level of hypergravity for a similar duration would lead to
more profound tissue changes. Although no changes to overall cartilage morphology were
observed in these fish, changes were seen at a cellular level. These changes included an increase
in stiffness of the cartilage along with subtle changes to chondrocyte morphology and ECM
composition. A decrease in stiffness of cartilage in OA has been reported (Xu et al., 2003; Naveen
et al., 2014) and changes to chondrocyte morphology have been shown to be present before the
first signs of cartilage degeneration in OA (Bush and Hall, 2003; Hall, 2019; Aigner et al., 2007).
Chondrocyte morphology and volume is often used as a readout for chondrocyte health (Hall,
2019); one of the most important factors for cartilage maintenance. The health of chondrocytes is
important as it impacts the secretion and maintenance of a robust ECM. A reduction in
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chondrocyte area and circularity, as seen in the cartilage following hypergravity exposure, has
been linked to an increase in type I collagen, type X collagen, alkaline phosphatase and small
proteoglycan synthesis; resulting in a mechanically weak ECM which is less accomplished at
maintaining cartilage integrity (Hunziker et al., 2015; Pitsillides and Beier, 2011).
As the most dramatic changes to chondrocyte morphology and ECM composition were observed
at the jaw joint (where the level of strain was most different between fish exposed to different
loading conditions) we would predict these areas to show the largest morphology changes following
longer hypergravity exposures. These regions also correspond to areas where the cartilage
material properties were significantly different between loading conditions, suggesting that
loading induces changes to chondrocyte behaviour and ECM secretion, leading to altered cartilage
material properties and a further disruption of strain distribution through the elements. Over
time, this process would continue to cause morphological changes on a tissue level and potentially
result in a joint shape reminiscent of that seen in col11a2 mutants. This supports the hypothesis
that mechanical loading can contribute to a feedback loop in which initial changes can cause
minor developmental abnormalities which become more severe with age. It also supports the role
of the col11a2 mutation in accelerating this process as changes to mechanical loading alone do not
induce a phenotype of the same severity as that observed in col11a2 mutants. One explanation for
the less severe phenotype of fish exposed to hypergravity is that the pattern of movement of the
jaw joint was not disrupted to the same extent as in col11a2-/- larvae. As discussed previously,
joint movement is essential for skeletal development and col11a2-/- larvae show a significant
reduction in the number of jaw movements which could go someway to explain the dramatic
musculoskeletal phenotype observed in these fish. From videos recorded inside the LDC, larval
movement did not appear to be affected by hypergravity conditions, suggesting that the jaw joint
was still able to move relatively normally in these fish. To confirm this hypothesis it would be
interesting to assess the activation of the BMP and Wnt signalling pathways and examine the
expression of key mechanosensitive genes in the joints of fish exposed to hypergravity to assess
whether they were more ’normal’ than in col11a2-/- larvae.
6.4 The importance of pain and skeletal morphology as a cause
of altered mechanical loading in Stickler syndrome
Given the importance of mechanical load and genetic mutations to OA onset, the final part of this
thesis explores the relationship between these OA risk factors, musculoskeletal morphology in
adult zebrafish movement pattern and pain. This chapter was the one most affected by COVID-19
restrictions as the long period of lab shut down meant fewer repeats were able to be performed
for the swim behaviour analysis. As a result of this, it is difficult to draw robust conclusions from
some experiments (particularly those investigating the effect of analgesia in adults) without
further experiments. This is highlighted for individual experiments later in this section and
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experiments which could advance the current findings are proposed.
In the final section of this thesis, the skeletal phenotype of adult zebrafish was studied to
identify whether malformations reminiscent of those seen in humans with OA were present. The
skeletons of wild type fish were imaged using microCT, with images from 1- and 1.5-year old
fish analysed and compared to col11a2 mutant fish at comparable ages. The largest difference
in skeletal phenotype was seen between 1-year old wild type and col11a2 fish, with a much
higher occurrence of vertebral fusions and regions of spinal curvature in the mutants. The
spinal curvatures present in 1-year col11a2 mutants are comparable to scoliosis and kyphosis in
humans. Similar spinal malformations were observed in Cho-/- mice with a loss of space between
vertebrae and spinal curvature present at embryonic day 17.5 (Hafez et al., 2015). These mice
were also shown to have incomplete mineralisation in the vertebrae (Hafez et al., 2015), likely
caused by loss of type XI collagen in the primordial cartilage matrix impacting on endochondral
ossification and the microarchitecture of resulting bone (Seegmiller and Monson, 1982). Another
mechanism by which loss of type XI collagen may cause spinal curvature is through interruption
of Pax1 expression (Wise et al., 2020). Cells expressing Pax1 are found in the annulus fibrosus
of intervertebral discs (Sivakamasundari et al., 2017) and mice with mutations in this gene
(undulated and scoli strains) display a range of spinal phenotypes including scoliosis, mid kink
tail and lack of vertebrae in the lumbar and thoracic regions (Adham et al., 2005; Wilm et al.,
1998; Wallin et al., 1994; Balling et al., 1988). In Pax1-negative cells, a lower level of COL11A1
expression was seen alongside a downregulation of other key ECM genes suggesting that ECM
composition is intrinsically linked the gene expression in the developing spine. Loss of key
ECM components, such as type XI collagen, during spinal development could result in aberrant
notochord segmentation, intervertebral disc development and disrupted endochondral ossification
resulting in the spinal phenotype seen in col11a2 mutant fish and humans with type II Stickler
syndrome.
Following phenotypic studies of the adult skeleton, the swim behaviour of wild type and
col11a2 mutant fish at 1- year old was recorded to ascertain whether the malformations present
caused detectable changes to movement pattern. This has a dual use for future applications:
firstly, providing evidence that changes to morphology affect swimming, potentially impacting
on mechanical load distribution further; secondly it provides a non-invasive tool to identify and
follow fish with skeletal malformations and OA onset without having to cull the animal for
radiographic imaging. Detectable changes between the wild type and col11a2 mutant behaviour
were found, both in the way fish explored the tank and the way they swam. In general, col11a2
mutants were found to be less exploratory, swim at a slower speed and curve their spines to a
greater degree than their wild type counterparts. Larval col11a2 mutants were also found to
have hypermobility of the lower jaw joint, again providing a common phenotype with human
type III Stickler syndrome patients who have been shown to have joint hypermobility (Stickler
et al., 1965; Cattalini et al., 2015). The increased range of movement seen in the spine of col11a2
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fish was surprising, given the higher incidence of vertebral fusions seen in these fish one might
expect the fish to have reduced movement. One explanation for the increased flexibility in the
larval jaw joint and the adult spine is changes to tendon and ligament structure resulting from
loss of type XI collagen in the ECM. In a tendon specific Col11a1 conditional knockout mouse line
(Col11a1ten/ten), a reluctance to explore the cage was seen coupled with joint laxity (Sun et al.,
2020). Interestingly, these mice became hypomobile with age (Sun et al., 2020), mirroring the
Stickler syndrome phenotype in which hypermobility is seen in young adults and develops to joint
stiffness with age. This pattern may explain why a reduction in spine mobility was seen in 2- and
3-year old col11a2 mutant zebrafish compared to 1-year old mutants. Given the evidence that
type XI collagen is present in tendons and ligaments (Bernard et al., 1988), and that loss of this
protein through Col11a1 knockout in mice causes dysregulation of collagen diameter and spacing
in tendons (Sun et al., 2020); it is reasonable to suggest that tendon structure and function is
affected by type XI collagen loss in col11a2 mutant zebrafish. As a result of this the joints of the
spine and jaw in these fish would face less constraint, leading to the hypermobility observed in
this thesis. The involvement of tendons in the movement phenotype observed in col11a2 zebrafish
is given further weight by studies which have linked mutations in COL11A1 and COL11A2 with
tendinopathy in humans (Saunders et al., 2016; Hay et al., 2013). This makes tendons an exciting
area for examination in future studies in zebrafish in the context of Stickler syndrome and early
onset OA.
The final set of experiments started to explore the role of pain in the altered movement seen
in fish with skeletal abnormalities with the aim of addressing the question: does pain cause
altered movement and therefore worsen disease prognosis or is it solely an outcome of the disease.
The analgesic agent lidocaine was optimised in larval zebrafish and the most effective dose
given to adult fish through immersion. Following this, swim behaviour was recorded to see if the
abnormal behaviours of col11a2 mutants at 1-year old could be rescued. Although no significant
change was seen in the key behaviours of fish following lidocaine treatment, there was also no
significant difference observed between untreated wild types and col11a2 mutants as seen in
preceding experiments. Ideally, further repeats would have been carried out to better control for
the influence of other variables such as: time of day treatment and recording were performed at;
level of background noise and vibration; and disturbances caused by feeding/breeding/general
tank maintenance in the lead up to the experiment. This would have allowed us to draw more
concrete conclusions from these experiments to answer whether pain was an influential factor
in the altered movement patterns observed. However, due to limited access to the fish facility
due to COVID-19 it was not possible to perform these experiments during the time frame of this
thesis. Upon completion of these extra repeats, I expect to see a marginal rescue of the swim
behaviour phenotype in col11a2 mutants by treatment with lidocaine. I would not expect to see
a full rescue as in my opinion, it is more likely that the morphological and structural changes
seen in the musculoskeletal system of these fish play a more significant role in their movement
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pattern than swim modification to avoid pain.
Overall, this thesis has established zebrafish as a valuable and informative model for type
III Stickler syndrome and early onset OA; using this model to further clarify how multiple OA
risk factors may combine to accelerate disease onset and progression. The complex interplay
of elements explored in this thesis (namely mutation of col11a2, ECM, joint shape, mechanical
load distribution, movement, and pain) is summarised in Figure 6.2. This thesis also suggests a
mechanism for how pain may be involved in OA and provides the groundwork for further study
into the role of pain in this disease.
OA onset
col11a2 mutation
Aberrant mechanical loading Altered movement patterns
ECM disruption Abnormal joint shape
Pain
Figure 6.2: Visual overview of the interactions discussed in this thesis and how these factors may
combine to cause OA onset.
6.5 Future Perspectives
6.5.1 Chapter 3: Mutation of col11a2 causes a Stickler syndrome-like
phenotype in zebrafish
Following on from the characterisation of col11a2sa18324 zebrafish during early development in
Chapter 3, it would be informative to perform further characterisation through more
developmental stages, including in juvenile and adult fish. Although this thesis identifies
changes to the musculoskeletal system in early development which correlate with a distinct
adult phenotype, it does not explore how the adult phenotype develops over time. By
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understanding how the phenotype progresses new windows could be identified in which
treatments, such as physiotherapy, would have the most impact on disease progression.
Alongside further characterisation of the col11a2sa18324 mutation over time, it would be
valuable to perform similar experiments on fish carrying other mutations associated with Stickler
syndrome to understand whether the type-specific characteristics of human disease can be
recapitulated in fish. An example would be to fully characterise zebrafish lines with col2a1 and
col9a1 mutations. Mutations in COL2A1 are associated with type I Stickler syndrome (Bonafe
et al., 2015); in humans, mutations in this gene and in COL9A1 are associated with a less severe
musculoskeletal phenotype and the presence of eye defects (Couchouron and Masson, 2011; Van
Camp et al., 2006). In zebrafish, col9a1b is expressed in the immature eye, notochord and sensory
system (ZFIN Publication: Thisse et al., 2001, n.d.). Preliminary studies in the Hammond lab
on the col9a1bsa12182 line have shown that the developing craniofacial cartilages have a more
normal joint morphology, ECM composition and maintenance (Erika Kague, unpublished). These
early observations suggest that zebrafish may be able to model mutation-specific forms of Stickler
syndrome, leading to a better understanding of how these genetic changes cause the symptoms
seen in patients; thus identifying more targeted treatments for individual circumstances.
6.5.2 Chapter 4: Response of developing cartilage to increased mechanical
load and the role of the col11a2 gene in mechanical resilience
Having observed subtle changes to the ECM in response to increased loading conditions over
a short time period, more detailed conclusions could be drawn following longer exposures to
increased mechanical loading or following exposures during different developmental windows. As
access to the Large Diameter Centrifuge is limited and requires movement of fish internationally,
future work should compare whether other methods for altering mechanical loading such as
clinorotation or pharmacological agents to induce paralysis/hyperactivity have similar effects on
cartilage ECM.
It would also be interesting to follow fish after exposure to abnormal loading conditions to
ascertain whether the changes observed are resolved upon return to normal loading conditions,
or whether the initial small changes become amplified through development and into adulthood.
Previous work from the Muller Lab combined with the results from this thesis suggests that the
age at which abnormal mechanical load is applied is important to the outcome severity (Aceto
et al., 2015). Studies by the Muller lab also suggest that return to normal loading conditions
partially rescues the phenotype (Aceto et al., 2015), however this was only performed for one
length of exposure and the fish were only followed for 1 day after returning to normal loading
conditions. These more detailed studies would help to clarify the conflicting evidence which exists
in relation to mechanical loading, with some sources suggesting periods of increased loading
are beneficial for cartilage health (Lee and Bader, 1997; Soltz et al., 2000; Shelton et al., 2003;
Sharma et al., 2007; Otterness et al., 1998; Galois et al., 2003; Manninen, 2001) and others
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suggesting they are deleterious. By further understanding when changes to mechanical loading
may offer a chondroprotective role and how long exposure to altered loading should be before it
becomes damaging, physical therapies for OA can be recommended more accurately.
In Chapter 4 early experiments performed on col11a2 mutant larvae exposed to increased
mechanical loading were presented with results suggesting these fish may be more susceptible
to mechanically induced changes due to their ECM properties. As a priority the experiments
performed on wild type fish in Chapter 4 should be completed for col11a2 mutants exposed
to hypergravity. In addition to these techniques, evaluation of RNA expression levels in the
cartilage from different loading conditions using RT-qPCR or RNAseq would provide further
insight into the mechanisms by which mechanical loading affects ECM composition. Together,
this will determine whether the ECM is less resilient as a result of type XI collagen loss and give
information on the specific molecules of the ECM affected by load thus providing further insight
into why humans with Stickler syndrome develop early onset OA.
6.5.3 Chapter 5: Exploring the relationship between genetics, mechanical
loading and pain in osteoarthritis
Some results presented in Chapter 5, particularly swim behaviour observations in 2-year old
fish, were very anomalous. This could be as a result of numerous factors, making it essential that
these adult swim behaviour experiments are repeated to confirm the observations presented in
this thesis and allow meaningful conclusions to be drawn from the results. Beyond repeating
these experiments, it would also be beneficial to test the swim behaviour of wild type and mutant
fish at more ages, particularly between larval stages and the 1-year time point presented here.
As we see a change in behaviour of col11a2 mutants by 1-year old it would be useful to define
more accurately the age at which these changes start to become apparent. Preliminary data from
the Hammond lab suggests that changes in col11a2 mutant exploratory behaviour are present
at 6-weeks old (Yushi Yang, unpublished work), indicating the altered behaviour seen in larvae
persists throughout development. However, it is currently unknown whether this coincides with
changes to spinal curvature.
Alongside further characterisation of the swim behaviour phenotype seen in col11a2 mutants
it would be interesting to use deformation analyses and FE modelling, such as that presented in
(Newham et al., 2019) to give more information on how biomechanical load is distributed through
the spine. This may add evidence to support or refute the hypothesis that mechanical load and
spinal morphology is more important in determining swim behaviour than pain.
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